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This report documents the analysis, trade studies, and design work undertaken to define a

7500 lbf thrust LO2/LH2 rocket engine for use on an Orbital transfer Vehicle (OTV). Design

work was completed to the preliminary level for the engine and components to the extent

permitted by the task resources. Results of the study are expected to be very useful in any

subsequent engine scaleup from the 7.5K lbf level. The report presents the analytical validation

of the dual expander cycle engine as a high performance alternative to the hydrogen expander

cycle engine, something not done in earlier work on this program.

The Engine Preliminary Design, Task Order C.5 to Contract NAS 3-23772, was

completed in May 1988 with a design review at NASA Lewis Research Center. There is no

intent to complete the design at the 7.5K lbf thrust level. Also included is a summary of the

work done under Task Order C.3, Thrust Chamber Final Design. This task was halted just prior

to completion of the preliminary design when there was a concern that additional design work at

the 7.5K lbf thrust level would not benefit the expected Pathfinder Program mission needs. Suf-

ficient work was completed to provide thrust chamber design data needed in the engine

preliminary design task.
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1.0 SUMMARY

The objective of the 7.5K lbf thrust engine preliminary design task was to complete the

necessary design and analysis and document it by means of reports, drawings, and formal design

reviews. This has been accomplished with the issuance of this report. Aerojet has proposed a

unique variant on the hydrogen expander cycle in which both hydrogen and oxygen are heated to

run their mechanically separate turbopumps (I"PAs). This dual expander cycle allows chamber

pressure to be increased to 2000 psia which aids in meeting the 10:1 throttling requirement. An

important bonus is the elimination of a helium purge system for the engine. The power balance

work shows the design capable of operating over the mixture ratio and thrust range with an

overthrust capability at high mixture ratios. Increased chamber material's temperatures below 500

psia and above 2000 psia chamber pressure would require limiting operation at these points to

extend engine life. The proposed controls have sufficient range to handle all mixture ratio and

thrust requirements, but the tank head start sequence is questionable until demonstrated with actual

engine components due to the small (15 psi) pressure budget available. Component design was

uncomplicated for valves but required some innovation for both turbopump and engine gimbal.

The turbopumps use hydrostatic beatings to meet life requirements, and have a semi-spherical

shape to handle pressure balance and thrust loading requirements. The oxygen TPA uses materials

(primarily monel alloys) identified in an earlier NASA funded program for compatibility with

400°F oxygen. The gimbal requirement of +90 ° in pitch and yaw seriously compromised

component packaging and extendible nozzle design until it was divided into a i6 ° throat gimbal and

a 14 ° engine out gimbal. ATC also proposes designs for a hydrogen regenerator and LOX/GH2

heat exchanger using their platelet structures technology for unusually small, lightweight

components. The design for the extendible/retractable nozzle uses an electric motor driven

jackscrew system with a single radiation cooled columbium or carbon-carbon nozzle section. The

nominal engine design weight is 298 Ibm (gimballed system). There are no pneumatic or purge

gas requirements, and power consumption is 784 watts or less for normal operation. Preliminary

reliability analyses and a risk assessment section complete the design task.



2.0 INTRODUCTION

2.1 BACKGROUND

This rocket engine design task supports the NASA-OAST plans for development of a

new Orbit Transfer Vehicle (OTV) to be operational in the late 1990's. The current requirement for

a space-based vehicle with payload capabilities greater than available upper stages results in a

performance emphasis that mandates a new LO2/LH2 rocket engine representing a significant

advance over presently available engines. Table 2-1 compares the characteristics of the RL-10

engine (the current U.S. manufactured engine) with those characteristics needed for the OTV

engine. The RL-10 was a laudable achievement for the rocket engine propulsion technology of the

1960's, but the state-of-the-art had advanced enough by the 1980's for a new definition of

requirements. The first attempt was presented in 1986 and is summarized in the second column.

The most recent requirements are given in the third column. The OTV engine requirements pose a

major challenge to the propulsion technology of the 1980's. In particular, the specific impulse, the

engine life, and the throttling requirements are unprecedented and dictate advances in state-of-the-

art.

Aerojet TechSystems Company (ATC) has worked with the NASA on technology

contracts related to the OTV engine and its predecessors for over a decade. Several engine

concepts were developed during this period that were rendered obsolete by changing requirements

and technology. At no time was an ATC engine concept developed to the status of a preliminary

design prior to the NASA LeRC establishing a new thrust level of 7500 lbf per engine under

Contract NAS 3-23772. This also coincided with the completion of the Phase "A" prime con-

tractor studies for the vehicle which aided in defining the engine envelope and operating

requirements. This apparent increased definition and stability in the design requirements was

considered justification for the engine preliminary design task reported herein. The task was

started in May 1987 and completed in May 1988.

2.2 AEROJET DUAL EXPANDER ENGINE CYCLE

In a conventional expander cycle engine, hydrogen is routed through passages in the

combustion chamber wall where it both cools the wall and acquires sufficient thermal energy to

power the turbine drives of pumps for both the hydrogen and oxygen flow circuits. It is then

routed to the injector for combustion. This cycle is fairly simple, plumbing is straightforward, and

it offers good performance potential. Since all propellant is burned in the combustion chamber it

does not have the losses of open cycles. Its limitations are related to dependence on only one

2





working fluid for turbinedriveenergy.High turbopumpandenginechamberpressuresrequirethe

hydrogento exit theregenchamberattemperaturesverynearto thedesignlimits for thechamber

liner. For copperalloybasedchambersthisis 1000°F.A markedimprovementin engine
operatingflexibility andhighchamberpressurecapabilityisavailableif oxygencanbeusedasa
working fluid drivingtheturbineontheoxidizercircuitTPA. Thisreducesthedemandsonthe

hydrogencircuit andallowsfor theturbopumpsto bedesignedwithoutinterpropellantsealsor

mechanical geartrain connections.

The use of oxygen as a turbine drive fluid poses two problems; (1) where and how

to add heat to the oxygen, and (2) selection of materials that will be compatible with the very

reactive hot oxygen. The first ATC OTV engine design proposed an oxygen cooled centerbody

inside an annular combustion chamber with a hydrogen cooled jacket in a 3000 lbf thrust engine.

This was an aesthetically pleasing and apparently uncomplicated design concept. Scaleup to the

7500 lbf thrust level proved to be impractical, however, and a design change was required. The

present engine concept has a two stage oxygen heating system. Cold oxygen liquid from the

turbopump is initially vaporized and heated in a heat exchanger using waste heat from the hydrogen

TPA turbine exit flow. Additional heat is added by flowing the oxygen through the regeneratively

cooled nozzle extension. This 400°F oxygen has adequate energy to power the oxygen

turbopump. The effectiveness of the dual expander cycle is evident in the high chamber pressure

available (2000 psia) and the ability to operate the engine without a helium or other inert gas purge.

2.3 SCOPE OF WORK

The scope of work was to conduct a design and analysis program to provide a

preliminary design of an expander cycle rocket engine concept which will be man-rateable, space

maintainable and have variable thrust for use into a future reusable "Orbit Transfer Vehicle."

2.4 SPECIFIC SUBTASKS

The scope of work was to be accomplished by the performance of the following

specific subtasks:

Subtask 1 - Work Plan

The procedure was to furnish to NASA LeRC, for approval and concurrence, a

Program Work plan, including requirements, specifications, and master schedules.

4



Subtask2- Design

Thepreliminarydesignof the Aerojet OTV engine concept was accomplished within the

guidelines, operational characteristics, and requirements listed in column 3 of Table 2-1. The

OTV engine start cycle was as given in Figure 2-1. The preliminary design effort included the

following:

l° Engine assembly layout drawing defining component arrangement, principle

dimensions, and gimballed envelope.

° Engine system layout drawing defining line muting and vehicle "proposed"

interface requirements.

. Engine assembly weight, center of gravity, and mass moment of inertia about the

gimbal axes.

. Component layout drawings showing principle dimensions and materials.

Components are defined as major subassemblies such as the thrust chamber,

pump with drive, or valves.

5. Component weights.

, Engine cycle balance and performance analyses at design thrust over a mixture

ratio range encompassing the design point mixture ratio plus and minus 1.0,

including a detailed description of the analytical program used to predict engine

system performance.

, Description of engine operation and control, including a detailed description of the

analytical program used to predict engine subsystem performance.

8. Electric power, purge, and pneumatic requirements.

. Design and off-design performance analyses of the turbomachinery, including a

detailed description of the analytical program used to predict pump drive

performance.

10. Stress analyses, dynamic analyses, and fatigue analyses of critical parts,

including a detailed description of the analytical program used to predict stress,

study dynamics, and predict fatigue of the critical parts.

Pd_'_l 1.1_-2.0
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Thrust

_Full Thrust

• TANK-HEAD-IDLE: Propellants are supplled
from lhe Vehlcle Tanks at saturated condlllons.
Thls mode of operetlon Is Intended to settle
propellants and thermally condltlon the
englne.

• PUMPED-IDLE: Propellants ere supplled
Inltlally at saturated condlUons. Pumps operate
at apower levei sufflclent to provlde autogenous
pressurlzaUon of the vehlcle propellant tanks
to pumps Inlet design polnt NPSH levels.

• :UcteOlgeer:l/un=tPr:nS:fruIi/_t/rOnst.Controlsduring T

_ Tank-Head-Idle _Puml_d-ldle j/

Time

Engine Start to Full Thrust Is to be Accomplished Using Tank-Head-Idle and
Pumped-Idle Operating Modes as Shown Above

Figure 2.-10TV Engine Start Cycle



2.5 APPROACH AND GROUNDRULES

2.5.1 Preliminary Design Task Definition

A preliminary design is that design activity conducted prior to the detail

design that defines the components, the general layout and a design approach. It includes

sufficient analysis to predict both component and system performance. The design performance

must be predicted to meet or exceed specified requirements. When performance goals are stated

rather than requirements, the analysis should determine a numerical value to realistically assess the

goal.

2.5.2 Work Package Allocation

Table 2-2 lists the various substasks by title and allocated hours. Design

and analysis tasks were to be completed within this hour allocation whenever possible. A "best

effort" approach was used so that a usable product would be generated without an overrun. In

general this worked very well, but some subtasks had little depth as the hours did not allow for any

extensive analysis or design iteration. Two subtasks were added that were funded from the

program reserves: 1) the design of the LOX/GH2 Heat Exchanger, and 2) the completion of a

risk assessment section.
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3.0 DISCUSSION OF RESULTS

3. I POWER BALANCE

A rocket engine power balance is the energy and mass balance computed at a particular design

point (chamber pressure and mixture ratio) to verify that there is sufficient energy available to meet

pressure requirements of the system without exceeding component temperature, pressure, and flow

rate limitations. If the energy requirements of the system are greater than the available thermal

energy there is no balance and the selected design point is unobtainable without changing the input

conditions. Power balances for several design points are needed to map the engine performance

envelope.

3.1.1 Power Balance Developmc:nt

The detailed engine cycle schematic used to begin the power balance is given as

Figure 3.1-1. Cycle restrictions used in the computer program are given in Table 3.1-1. The

program development logic is given in Figure 3.1-2. The separate routines that were developed

are named in Figure 3.1-3 and iteration loops are shown. Examples of the modeling techniques

for individual components are presented in Figure 3.1-4. The operation of each component is

simulated over the full range of operating conditions from chamber pressures of 200 to 2000 psia.

The code's objective is to determine the operating parameters which result in a power balance for

the engine while simultaneously constraining those parameters within their desired range of opera-

tion.

The temperature and pressure changes across passive components such as the

baffles, heat exchanger, injector, or regeneratively cooled jacket are scaled from point design

results of the baseline engine. The pumps and turbines use efficiency curves for off-design opera-

tion of the baseline component designs.

For a desired chamber pressure and mixture ratio, the system operating

parameters are iterated until a closed solution is obtained. The independent parameters include

turbine flowrates, pump discharge pressures, and turbine inlet temperatures.

Several subroutines commonly used at Aerojet for power balance programs

involve representations of pump design curves. For this power balance the 7.5K preliminary TPA

design curves were used for Q/N, efficiency, etc.

9
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The output of the power balance program for the 2000 psia chamber pressure,

MR = 6 case (nominal engine operation) is given as Table 3.1-2. This is a dense amount of

information very useful to a designer but requiring considerable interpretation. Figures 3.1-5 and

3.1-6 are representations of the power balancer at the same point with the circuit flow path indi-

cated and values for pressure, temperature, and propellant density shown after each component.

These figures also demonstrate the use of the power balance as a design tool as they show the

effect on the power balance of increasing the maximum baffle outlet temperature to 1552.6°R while

holding a 1.78 inch hydrogen turbine wheel diameter (Figure 3.1-5) versus increasing the turbine

wheel diameter to 2.35 inches (Figure 3.1-6). The chamber pressure and mixture ratio are the

same, but there is a significant difference in component design and engine life. This type of trade

can be done very quickly with the power balance program with readily entered input data changes.

3.1.2 En_ne Ope_rating Envelope

The operating envelope of interest is the area shown in Figure 3.1-7 where

mixture ratio is plotted against engine chamber pressure. Runs were made for 17 points as indi-

cated on the plot. An "X" indicates a non-balance point which is outside the engine operating

envelope. The small circles are balanced points. No mapping was done below MR = 5 or above

MR = 7 although the envelope could be extended into these MR regions.

The nominal design point (Pc = 2000, MR = 6) is bounded by several of the

system constraints. The H2 turbine bypass is at a minimum allowable, the regen chamber inlet

temperature is at a maximum, the H2 turbine inlet temperature is at a maximum. At this point, very

little lowering of the MR or raising of the Pc can be accomplished.

A full 10 to 1 throttling range is available at MR = 6. For operation at low

chamber pressure (< 500 psia) an MR of 5 or less is recommended to provide better thermal mar-

gins. Engine overthrust operation is possible at mixture ratios of 6 and greater. A recommended

structural design point would be for a maximum chamber pressure of 2500 psia and whatever

internal pressures were necessary to produce this limiting power. This would be a 20% increase

over rated thrust or 9000 lbf.

15



Table 3.1-2

I]TV r- ", l_,J.qc I ;• ..N_,INF. POWER I)AL,\r'JCE

: : Or ld i zer ', t'uP 1 ',

: : R = 579,70 (in/deg R) : R = 9P02. O0 (in/dog R) :

Tank

Cond Itions

Shut-off

%la I ve

Boost

Pump

Conditions

: Pump
I Conditions

: 0=: Cool

Side Heat

: Exchanger

: Fuel: Cool

: Side

Regenerator

+

: Pout = 15.00 (psia) : Pout = 20.00 (psia)

: lout = 162 70 (deg R) : Tout = 37.80 (deg R)

: Flout : -57 17 (BTU/#) : Hour : -I17. 35 (DTU/_)

: Rho out : 71. 17 (#/cult) ; Rho out : 4.34 (#/cult)

_------ +

Pin = 15.00 (psia) : Pin = 20.00 (psia)

I Pout = 15.00 (psia) ! Pout = 19.82 (psia)

: Delta P = 0 66 (psi) : Delta P _: O. 18 (psi)

: T = 162 70 (deg R) : T = 37.80 (deg R)
; H = -57.17 (BTU/#) : H = --I17.35 (UTU/#)

: CdA = 3.01000 (in"2) : CdA = 3.75000 (in'"2)

Pin = 15.00 (psia) : Pin = 19.82 (psia)

Pout = 37.90 (psia) : Pout = 41. 12 (psia)

Tin = 162.70 (deg R) : Tin = 37.80 (deg R)

Tout = 162.70 (deg R) : Tout = 38.07 (deg R)
Rho in = 71. 1696 (lb/ft3) : Rho in = 4.3356 (lb/ft3)

Wdot = 13.785 (lb/sec) : Wdot = 2. 188 (lb/sec)

Ef_ (hyd) = 0.700 I Elf (hgd) = 0.700

! N = 52832.53 (rpm) I N = 122724.98 (rpm)
l HP = 1.66 (HP) I HP = 4.02 (HP)

: Q/N = .0159445 (gpm/rpm) I Q/N = .0113863 (gpm/_pm)

Pin = 37.90 (psia)

Pout = 5313.28 (psia)

Tin = 162.70 (deg R)

Tout = 188.21 (deg R)

Rho in = 71.1917 (lb/_t3)

Wdot = 13.785 (1b/see)

Elf (hyd) = 0.740
El@ (mch) = 1.000

N = 52832.53 (rpm)
HP = 361.29 (HP)

Q/N = .0016449 (gpm/rpm)

: Pin = 41.12 (psia)

:l Pout = 4250.00 (psla)

! Tin = 38.07 (deg R)

I Tout = 116.55 (deg R)

| Rho in = 4.3382 (lb/_t3)

l Wdot = 2.188 (Ib/sec)

I Elf (h_d) = 0.570

! ElF (mch) = 1.000

: N = 122724.98 (rpm)

: HP = 975.03 (HP)

G/N = .0018445 (gpm/rpm)

Pin = 5313.28 (psia) I Pin

Pout = 5118.28 (psia) I Pout

Delta P = 195.00 (psi) : Delta P

Tin = 188.21 (deg R) : Tin

Tout = 580.90 (deg R) : Tout

Delta T = 392.69 (deg R) : Delta T

Hin = -38.59 (BTU/#) : Hin

Hour = 103.59 (BTU/#) : Hout

Gdot = 1959.91 (BTU/s) : Gdot

Wdot = 13 78 (#/sec) : Wdot

: _ bgpass

= 4250.00 (psia)

= 4200.00 (psia)

= 50.00 (psi)

= 116.55 (deg R)

= 746. 19 (deg R)

= 629.64 (deg R)
= 198.99 (BTU/#)

= 2593.19 (BTU/#)

= 3928.94 (BTU/s)

= 1 64 (#/see)

: 25.00

--+

+

÷

I

+

|

+
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Table 3.1-2 (Cont)

' 0,_, ',: iltI_,_ I blt !'_3b_L_!_ _AI. ANCt:

4" ................... • ......................................... 4 .............

: : ()_idJzer :

: : : Pin

: Regen : : Pout
: Jacket : : Delta P

: : : Tin

: : : Tout

: : :'Delta T

: : -' : Hin

: : : Hout

: : ! Wdot

............................ -6

I_,Jg( . .:_' ,

-6

Fue 1

= 4200 O0

= 3626 O0

=. 574 O0

= 578 71

= 937 51

= 358 SO

= 1994 63

= 3266.71

= R, 19

(psia) :

(psia) :

(psi) :

(deg R) :

(deg I_) :

(deg R) :

(BrUl#) :

(BTU/#) l

(#/see) :

: : : Pin

; Baffles : : Pout

: : : Delta

: : l Tin

: : l Tout

: : : Delta

: : : Hin

; : Hour

I : I Wdot

T

----÷

= 3626.00 (psia) :

= 3550.80 (psia) :

= 75.20 (psi) :

= 937.51 (deg R) :

= 1372.61 (deg R) :

= 435. 10 (deg R) :

= 3266.71 (BTU/#) :

= 4794.02 (BTU/#) :

= 2. 19 (#/sec) :

÷

l

: Ox

: Nozzle

I Cooling

Back

PPessuPe

Valve

Turbine

Conditions

I Pin

: Pout

: Delta P

l Tin

I Tout

Delta T

Hin

| Hout

: Wdot

)

= 5118.28 (psia) I

= 4758.98 (psia) :

= 359.30 (psi) :

= 580.90 (deg R) :

= 860,00 (deg R)

= 279.10 (deg R) :

= 103.59 (BTU/#) I

= 181.13 (BTUI#) :

= • 13.78 (#/sec) :

+

I Pin

| Pout

I Delta P

I T

: H

l CdA

= 4758.98 (psia) l

= 4727.62 (psta) I

= 31.36 (psi) |

= 860.00 (deg R) |
= 181.13 (BTU/#) ;

= 0,91000 (in^2) |

÷

| Pin = 4727.62

: Pout = 2312.28

: Wdot = 12.406

: Tin = 860.00

: Tout = 765.59

; Hin = 181.16

: Hout = 160.67

: Elf. = 0.561

: HP = 359. 50

1PR = 2.045

: U/Co = 0.310

: Wheel dia = 1 8_0

: %bgpass = 10. O0
÷--

(psta)

(psta)
(lb/sec)

(deg R)

(deg R)
(BTU/#)

(BTU/#)

(HP)

(Pin/Pout)

(_ps/fps)
(in)

Pin

Pout

Delta P

T

H

CdA

= 3550.80 (psia)

= 3423.83 (psta)

= 126.97 (psi)

= 1372.61 (deg R)

= 4794.02 (BTUI#)

= 0.42500 (in_'2)

I Pin = 3423.83 (psia)

I Pout = 2187.04 (psla)

: Wdot = 1.908 (Ib/sec)

: Tin = 1373.55 (deg R)

: Tout = 1280.06 (deg R)
Hin = 4794.02 (BTU/#)

: Hout = 4433.89 (BTU/#)

: EFf. = 0.595

l HP = 972. 13 (HP)

: PR = 1. 56& (Pin/Pout)

: U/Co = 0.229 (@ps/fps)

: Wheel dia = 2. 350 (in)

: % bgpass = 12. 78
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Table 3.1-2 (Cont)

:

l

l

:

:

I

t.

I

I

I

I

I

I

I

I

I

l

-i--

l

I

I

I

I

I

-iV

I

l

l

I

-i"

kIot

Side

Heat

Exchanger

Gas

Side

Regenerator

InJector

Combustion

Chamber

: Uxldlzer : Fuel

4 _ ...............

: I Pin =. 2187.04 (psia

I I Pout = _I17.04 (psia

: : Delta P = 70 00 (psi

i I Tin : 111_. 40 (deg I_

: : Tout = 777.94 (deg H

: : Delta T = 340. 4b (deg R

: : Hi;I = 3867.15 (BTUI#

: : Hout = 2672.82 (BTU/#

: I Qdot = -1959.91 (BTU/s

: I Wdot = 1.64 (#/sec

: I % bqpass = _5.00

I I Pin = 2117.04 (psia)

: I Pout = 2097.04 (psia)

1 : Delta P = 20.00 (psi)

I : Tin = 862.87 (deg R)

: : Tout = 367.69 (deg R)

: : Delta T = 495. 18 (deg R)

: : Hin = 2971.00 (BTU/#)

1 | Hout = 1175.34 (BTU/#)

! : Qdot = -3928.94 (BTU/s)

1 | Wdot = 2.19 (#/see)

+ 4

: Pin = 2312.28 (psia) I Pin = 2097.04 (psia)

I Pout = 1998.26 (psta) I Pout = 2001.65 (psia)

I Tin = 773.75 (deg R) I Tin = 367.69 (deg R)

I Wdot = 13.128 (lb/sec) | 'Wdot = 2.188 (lb/sec)

: Drop = 314.03 (psta) 1 Drop = 95.40 (psia)
I Cda = 0.40000 (in^2) I CdA = 0.33200 (in^2)

I PC = 2000.00 (psia) MR = &.O0 (O/F)

I DPcc = 1.49 (psia) Wdot = 15.32 (lb/sec)
: ERE = 1.000 Dthroat = 1.518 (in)

: F = 7351.76 (Ibm) Isp = 480.00 (see)

÷

÷

l

l

I

l

I

i.
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3.1.3 Thermal Limitations

The high mixture ratio/low chamber pressure cases are limited by the turbine

inlet temperature of the hydrogen gas. This, in turn, is a limit of the baffle plate copper wall on the

hot gas side. At 1000°F the maximum hydrogen temperature is going to be about 900°F. This is

indicated on Figure 3.1-8 which is a plot of entropy versus enthalpy for hydrogen gas. Note that

enthalpy is very little affected by the system pressure. To get more enthalpy in the hydrogen the

temperature must be raised; higher pump outlet pressures won't help as is shown in Figure 3.1-9.

The copper baffle plate, then, is a limit to engine power. In an attempt to circumvent this limit a

baffle plate concept was prepared that would allow a much higher hydrogen temperature to the fuel

turbopump assembly (TPA) turbine. This concept is shown in Figure 3.1-9. It is based on a

platinum section in the plate that can operate at over 2000°F wall temperature. The thermal limit

now shifts to the hydrogen TPA hot section parts. For the present TPA design this is 1200°F.

This 300 degree increase would significantly expand the operating envelope and engine flexibility.

It was concluded by the design team that this would be a very valuable design change.

The low mixture ratio/high chamber pressure cases are limited by oxygen tur-

bopump power availability. With an upper temperature limit set at 400°F for oxygen to the Ox

TPA turbine this is another limit set by materials. The 400°F is a consensus figure derived from

the oxygen-materials compatibility program for safe operation of the materials used in the TPA

with oxygen. Until there is more experimental work with oxygen compatible materials the limit is

unlikely to be raised.

There are also thermal limits at both the greater than 2000 psia chamber pres-

sure region and the less than 500 psia chamber pressure region. The lower chamber pressures are

accompanied by a bulk temperature rise in the hydrogen due to longer transit time through the

regen chamber and baffles. The high chamber pressures are actually attained by adding waste heat

from the hydrogen turbine exit stream to the hydrogen entering the regen chamber. This is done by

the regenerator. It is limited, however, as the gas side wall temperature in the throat increases as

the inlet hydrogen temperature increases. When the inlet hydrogen is at 400°R the wall is at

1260°R, the thermal limit. This was the design point for 2000 psia chamber pressure at MR = 6.

The variation of hydrogen inlet temperature with thrust is given in Figure 3.1-10. The odd shape

of the curve is partly due to the interaction with the hydrogen turbine bypass valve.
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3.1.4 Control Effectiveness

The power balance provided information on the likely effectiveness of the pri-

mary controls for adjusting engine power and mixture ratio: the turbine bypass valves. Their

operating condition over the full throttle range is given in Figure 3.1-11. The oxygen bypass

valve is very nearly linear over the range and is ideal for control purposes. The hydrogen bypass

valve has a very narrow operating range and a humpbacked curve. This shows the interaction with

the hydrogen regenerator. Both valves must be programmed together for stable operation of the

hydrogen circuit. Also, the hydrogen turbine bypass valve must be designed for vernier operation

in the zero to 20% bypass range due to the sensitivity in this region.

One interesting feature of the engine is that there is a minimum tempera-

ture/maximum life operating point at a chamber pressure of 1500 psia. This corresponds to a

thrust of 5625 lbf. An approach to long life would be to design the nominal thrust point at the

minimum temperature point. This would give a 60% overthrust capability for the engine, but the

overall engine would be somewhat larger and heavier than the present design. This minimum

temperature design point is clearly seen in Figure 3.1-12 as the minima of the curve.

3.1.5 Performance Prediction

With early power balance work showing that the engine would balance at 2000

psia and MR = 6, performance calculations were made based on energy release efficiencies (ERE)

of 99.5% and 100%. Figure 3.1-13 is a summary chart for the specific impulse (Isp) predictions

for this design. The two curves are for chamber pressures of 2000 psia and 3000 psia at an ERE

of 99.5%. The diamond was the actual performance prediction of this engine design at 99.5%

ERE and an area ratio nozzle of 1560 to 1. The square was the performance for 100% ERE but for

the same conditions otherwise.
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3.2 ENGINE OPERATION AND CONTROL

3.2.1 Basic En_ne Control Capability

The sequence given in Section 3.2.2 describes the activities related to a normal

engine startup, operation at various thrusts, and normal shutdown. A more detailed discussion of

operating modes and potential problems is given in Sections 3.2.3 through 3.2.6.

All engine operations are mediated by an electronic engine controller. The

controller uses an operating program that incorporates closed loop control features so that all com-

mands are correlated with engine sensor data. This feedback of actual operating data prevents

implementation of potential damaging or dangerous commands, and assures safe operation over the

entire engine operating range. The engine will not start or continue operation without a functioning

controller. The ATC baseline for a controller includes complete redundancy for an initial "fail to

operational" capability plus a "fail to limited operation" capability for some additional malfunctions.

This would, for instance, allow operation at the last set point with shutdown either on command or

at the expiration of the preselected operating time. Any additional failure would cause an immedi-

ate shutdown.

The controller selects its program routines based on inputs from either (1) a

master operating program, (2) pilot commands input from the flight deck, (3) telemetry com-

mands, or (4) health monitor system commands with safety implications. Under this control sce-

nario the controller, once programmed, will execute the program even if there is a loss of commu-

nication with the original programming function. Health monitor system commands, however,

must still be processed or the controller will shutdown the engine. One specialized operation,

landing on the moon or other body, will require a separate feedback loop to correlate radar altimeter

and rate of descent information with engine throttling. This would be a separate program routine

with feedback loops similar to those used with the health monitoring system. No completely man-

ual operation of the engine is possible although routines in failed firmware could be bypassed by

software in some cases, and manual direction could be given to run certain routines.

Each engine is envisioned as having a stand alone capability so that a failure of

one engine does not effect the operation of the other. An exception may be to cross-connect the

redundant channels of the engine controller so that either controller could operate both engines.

The practicality of this is dependent on hardware design and failure mode analysis. The health

management systems are also able to "talk" to each other so that sensor data can be compared
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and/orreconstructed,but thiscapabilityshouldnotbeusedto havedatafromoneengineshut
down mother.

3.2.2 Start and Ope_ratior_ $¢__uence

The following operation description is concerned with the actual operation of

valves, igniters, and the interpretation of sensor data. No attempt is made to correlate this with the

firmware or software programs as these have yet to be developed. All operations are considered

"normal;" no emergency procedures were developed for this report.

3.2.2.1 Pre-Start Operations

(1) Engine Positioning - Doors open, radiation cooled nozzle extended,

gimbal operated to position thrust vector through center of mass.

(2) Engine Status Check - Health monitor system powered up, controller

functional, vehicle preparations complete for start, engine valves positioned for start (see

Table 3.2-1).

(3) Turbopump Chilldown - The turbopumps must be cooled to the same

temperature as the propelants to avoid flash evaporation in the pump section with subsequent dam-

aging pump cavitation. In the baseline engine cycle this is done by dump cooling through the

pumps with propellant from the tanks. The greater rotating mass of the hydrogen TPA plus its

lower operating temperature will require a longer chilldown time than the oxygen system. This

start scenario assumes the hydrogen system is chilled first with the chilldown hydrogen allowed to

dissipate to space prior to opening the oxygen shutoff valve. The oxygen pump is then chilled

down by dumping oxygen until the desired pump temperature is reached. At that time the igniter is

turned on, the hydrogen main shutoff valve opened, and the igniter valves opened. This consti-

tutes a tank head start with oxidizer lead. During this chilldown operation the low pressure boost

pumps will spin up and the high pressure TPA's will windmill due to the flow of propellant going

from tank pressure to vacuum. There will be no usable pump output, and the turbine bypass

valves will be in the 100% bypass position.

3.2.2.2 Tank Head Start

The turbopump ehilldown is actually completed during the first phase of the

tank head start. The start cannot proceed until temperatures are stable at both turbopumps. In the

meantime, the low pressure combustion is heating the thrust chamber and nozzle, and hydrogen
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and oxygen flowing through their respective regeneratively cooled sections are gaining usable

enthalpy. The hydrogen idle valve is modulating to control mixture ratio. Chamber pressure

climbs to a few tenths of a psia until it is in equilibrium with the pressure drops from the tanks to

the chamber. A stable idle point should be reached where the engine operates at pressure and

thermal equilibrium.

3.2.2.3 Pumped Idle Operation

The turbine bypass valves are slowly closed as the hydrogen idle valve is

closed to divert hydrogen flow through the TPA turbines. Turbopump rotation increases with

modulation of the bypass valves to keep mixture ratio within limits. Pumped idle is defined as a

stable operating point where pump output exceeds tank pressure, but is below the normal throttle

range. It is hardware dependent and cannot be predicted at this stage of the design. The transition

from tank head idle to pumped idle is a critical operation as is the transition beyond pumped idle to

the normal throttle range. That range is defined as a chamber pressure of 200 psia to 2000 psia for

10:1 throttling. The pumps must "bootstrap" from tank head idle to any point in this range. The

"bootstrap" capability is given by the low pressure turbopumps.

3.2.2.4 Normal Throttle Range

The turbine bypass valves will be flow tested and models developed for

operating characteristics so that they can rapidly move to a predicted state point with only minimal

modulation once that point is reached. Both valves would move in unison to a new thrust value

but the hydrogen valve would modulate about the setting to adjust the propellant mixture ratio.

This is computed from flowmeter data with a backup check of propellant pressures entering the

manifolds of the injector. Valve set points would be adjusted after the predicted and actual values

are compared. To prevent hunting for a stable set point there will be a bandwidth for an acceptable

flowrate for the commanded operation.

The regenerator and heat exchanger bypass valves modulate to control pro-

pellant temperatures during operation. Control of the propellant temperatures is required to ensure

safe, compatible operation on the basis of material limitations. Material studies conducted for LOX

operation have been conducted safely with LOX up to 400°F. This has been selected as a tempera-

ture limit for the LOX circuit. For copper alloys, as assumed for the baffle analysis, material prop-

erties limits gas-side wall temperature to 1000°F. For cooling with hydrogen, this corresponds to a

hydrogen bulk temperature of 900°F.



Basedon the limitations of the materials assumed in the analysis of this

engine, the valves are designed to regulate flow and temperatures within the above described

regions. The HEX valve regulates the hydrogen flow to regulate the oxygen temperature. Margin

must be ensured since the oxygen is heated by both the HEX and the nozzle. Exiting oxygen from

the nozzle is limited to 400°F which has been demonstrated as a safe operating point for the

materials used in the LOX TPA as shown in Refernce 1.

The limit on the hydrogen temperature is set by the materials used in the baf-

fle plate construction. For long life, the desired maximum wall temperature for continuous opera-

tion is 900°F. Short term excursions to 1000°F, do not severely limit the cycle life of the compo-

nent. These temperature excursions are required during very low level thrust (throttle condition)

operation and during overthrust operation (greater than 7500 lbf).

As noted in the discussion of the engine power balance, the use of a regen-

erator allows for a wider throttling range, but a penalty is the increase in chamber wall temperature

as the regenerator heats the hydrogen entering the regen chamber. The coolest operating point and,

therefore, the longest life point is at 5625 lbf thrust. Highest temperatures are encountered below

500 psia chamber pressure (1875 lbf thrust). Prolonged throttled operation below this point will

reduce engine life. Optimum life operation is in the range of 500 psia to 2000 psia chamber pres-

sure. Time restrictions should be established for operation above and below these pressures.

A controls study indicated that at rated thrust a 10% change in throttle setting

could be accomplished in about 0.35 second. The entire throttling range was not mapped, and it is

unlikely that this would be true at lower thrust levels due to the TPA operating characteristics and

the entrance into a region where the oxygen phase change takes place due to 2-phase flow and

rapidly changing properties are encountered. The control system needs to work with stable

temperature and pressure readings. Slower throttle response is expected below 500 psia chamber

pressure due to these factors. Under overthrust conditions throttle-up commands will be limited by

programmed control valve operation to reduce temperatures. When these limits are encountered

only throttle-down commands would be accepted.

3.2.2.5 Overthrust Operation

Operation above 7500 lbf thrust (>2000 psia chamber pressure) is possible

for short times at mixture ratios above six. The entire envelope was not mapped, but one operating



pointof 2350psiaandMR = 7 wasfound.This is about8800lbf thrust. Theoverthrustrange

wouldbeusablefor emergenciesor othershortdurationrequirementsat somepenaltyto engine

life. To useit wouldrequiretheturbinebypassvalveto closeto lessthan10%bypass.As thrust

is increasedabove7500lbf thepercentbypassdecreasesalongwith thecontrolrange.At zero

percentbypass,thrustwouldhaveto bemodulatedto keepmixtureratiowithin limits asthetur-

bopumpsareessentiallyatfull powerandtheonly changepossibleis to increasebypassand

reducethrust.This is aninterestingcontrolsproblemwhosepracticalityhasn'tbeenassessed.

3.2.2.6 EngineShutdown

Shutdownis straightforward but somewhat lengthy due to the large residual

propellant volume below the main shutoff valves. During detail design when propellant residual

volumes for the system are calculated a valve lead or lag time will be determined to give the

smoothest shutdown transient. For this preliminary design the assumption is that both main shut-

off valves can be closed simultaneously. At the same time the turbine bypass valves are com-

manded to 100% bypass as are the regenerator and heat exchanger bypass valves. To avoid

"popping" and uneven combustion during the shutdown the igniter circuit is activated and the

igniter valves opened. A shutdown transient is expected to be in the two to three second range

depending on throttle position when the shutdown command is given. Residual propellants should

vaporize and disperse in space as all flow passages in the engine below the shutoff valves connect

to the thrust chamber.

3.2.3 T_ao_K.H.e,ad.._tm

Requirements for the OTV engine include a capability for successful starts at

tank pressures equivalent to the vapor pressure of hydrogen at 37.8°R and oxygen at 162.7°R.

This is approximately 20 psia and 15 psia, respectively. On start the engine chamber is effectively

at vacuum. The unaided maximum pressure differential available for start, then, is 15 psia which

is set by the oxygen circuit. All line and component pressure drops must be accommodated within

this pressure differential less a small combustion chamber pressure. This is a very small driving

force for a rocket engine and poses a number of problems which are discussed below.

3.2.3.1 Pressure Fluctuations from Propellant Boiling

The engines are very likely to be at temperatures approximately 200 to 300°R

higher than the entering propellant. To minimize propellant boiling, lines, turbopumps, and valves

must be chilled to the same temperature as the propellant. During this chilldown period, some
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erraticoperationof flowratesandpressureswill beencountered.A startat this time could be char-

acterized by rapid chamber pressure fluctuations, uncontrollable mixture ratio changes, and inter-

mittent loss of flame with subsequent reignitions and pressure spikes. Such operation must be

avoided. One means is to dump a specific amount of the propellants through the engine without

ignition. This can cost several hundred pounds of propellant to achieve chilldown. Another option

is to recirculate the chilldown propellants back to the tanks through recirculation loops. For such

loops to work, however, there must be a recirculation pump in each circuit. The obvious choice is

a small electrically driven pump located near the propellant tank outlet. It does not have to have a

flow capacity of more than 10% of the full-thrust flowrate. With such a pump chilldown will be

rapidly completed with little or no loss in propellant. A bonus is rapid tank pressurization from the

returning propellant due to heat pickup from the engine and propellant conversion to the gas phase

in the tanks.

The recirculation loop also requires added engine valves and lines to prevent

the propellant from entering the injector during chilldown. The recirculation pumps can be contin-

ued in operation during the start to add a very useful boost in pressure to the engine. Once pumped

idle is reached so that the autogenous pressurization system is operational they would be turned

off.

A compromise start/chilldown procedure would use some initial propellant

dumping with ignition started just as soon as sensor data indicated stable pressures and tempera-

tures at the turbopumps.

3.2.3.2 Susceptibility to Combustion Transients

Combustion adds additional pressure fluctuations that, at low feed pressures,

can be coupled to the feed system dynamics as a "chug" instability. This can be severe enough to

damage equipment or couple with the vehicle dynamics to effect the whole vehicle as a "pogo"

instability. The recourse is an immediate shutdown. Avoidance is best done by a rapid accelera-

tion through the potential "chug" range to a stable engine operating point. We do not expect a pro-

longed period of operation at tank head idle for this engine; the available pressure drops are not

high enough to preclude "chug" despite the expected smooth combustion with the proposed injec-

tor elements.



3.2.3.3 IntermittentCombustion

Thevery low tank pressure requires a very low combustion chamber pres-

sure for sustained operation. One concern is that the pressure spikes on lightoff may be high

enough to stop propellant flow from one of the circuits. At that time the flame would extinguish

only to be followed by another lightoff and pressure spike. This would be evident as a rapid

"popping" that could be of increasing or decreasing magnitude. Continuous ignition during start

would lessen the possibility of"popping," but not entirely eliminate it. A better solution is to

increase the system pressure to a value above the lightoff pressure spike.

3.2.3.4 Lack of Repeatability from Start-to-Start

A highly repeatable start transient is very useful in mission planning. With a

tank head start there will be some unavoidable variability between starts. This can be avoided by

compressing the time between lightoff and reaching a stable operating point. Prolonged operation

at tank head idle would be characterized by large variations in delivered impulse for a given

operating time. Such variations may be acceptable if they can be calculated in real-time.

3.2.3.5 Control Elements for Tank Head Start

A successful tank head start will require low pressure drop flow circuits.

The fuel idle valve opens on start to bypass the hydrogen turbopump circuit for a low pressure

drop propellant route to the injector. As combustion stabilizes and more propellant flows .through

the fuel TPA circuit the fuel idle valve can be closed. Mixture ratio is controlled by the modulation

of the variable position fuel idle valve.

3.2.3.6 Two Engine Thrust Vector Control

With side-by-side mounting of two OTV engines the vehicle center of mass

should be on a line between the two engines. Any difference in thrust between the two engines

during start must be corrected by a gimbal movement of one or both engines or by fkring of an atti-

tude control thruster. Smoother operation will result if the start transient on both engines is very

nearly identical and characterized by a rapid increase to a stable operating point.

3.2.4 Pumped Idle Mode

Pumped idle is defined as engine operation where the turbine power is suffi-

cient to overcome the tare torque of the TPAs. It represents minimum thrust operation with active



turbomachinery.Up to thattimetheengineoperatingtemperatureandchamberpressurearerela-

tively low sincechamberpressurecannotexceedtankpressureminussystempressuredrops.

WhentheTPAsbeginto rotatethepropellantpressurein theenginesystemisno longerlimitedby
tankpressure.As anoperatingpoint,pumpedidlewouldbesomewhatabovethestartrotation

conditionsothatsystemfluctuationswouldnotstallthepumps.

3.2.4.1 Controlin PumpedIdle

At pumped idle the fuel idle valve is closed, and all propellant flows through

the TPA circuits. The pressure operated back-pressure valves are functioning as high pressure

drop flow restrictors (they never completely shut off flow and open completely when chamber

pressure reaches 500 psia :KS0 psia). The hydrogen regenerator bypass valve will modulate near

90% bypass (a margin of 5% is required for control authority) to minimize bulk temperature rise

and chamber maximum wall temperature. The turbine bypass valves will be very nearly in the

maximum bypass position but modulating for thrust and mixture ratio control. The LO2/GH2

HEX bypass valve will modulate to keep the GOX turbine inlet temperature below 400°F.

3.2.4.2 Stability

The stability of this mode is highly dependent on control range (i.e., valve

position range and flowmeter accuracy) and the tare torque differences between the two mechani-

cally separate turbopumps. The two pump's output must be closely matched at all times; other-

wise, there is a risk that the rapidly increasing output from the more rapidly accelerating TPA will

cause a mixture ratio change beyond the control of the bypass valves. This mode is very difficult

to model accurately without actual pump tare torque and performance data.

3.2.5 En_ne Throttling and Overthrust Operation

The 10: I throttling requirement is considered as a capability for fully controlled

engine operation from 750 lbf thrust to 7500 lbf thrust at some mixture ratio between 5.0 and 7.0.

There is no stated requirement for a specific rate-change in thrust although this is an important

consideration in the controls design and there will be a practical rate limit. Relatively slow changes

assure close control of mixture ratio.
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3.2.5.1 ThrottlingApplications

Therearethreelikely missionscenarioswherethrottlingis neededor useful:

1) Landingavehicleonthemoon,Mars,orotherbodywithin thesolar
system.

2) A gradualreductionin thrustduringpropellantdepletionto controlG-
loadsonpayloadssensitivetoaccelerationforces.

3) Operationatlowerthanratedthrustto accomplishapreciseorbit
adjustmentmaneuveror rendezvous.

The f'L,'Stapplication will be the most demanding. If the engine control system can respond ade-

quately to the moon lander mission needs, the other missions will be within the design envelope.

3.2.5.2 Throttling Control

Throttling is done primarily by commanding the oxygen turbine bypass valve

to a specific position with the hydrogen bypass valve adjusting as needed to keep within the mix-

ture ratio range. During throttle down operation the hydrogen regenerator bypass valve will allow

more bypass due to the hydrogen bulk temperature rise through the chamber. The LO2/GH2 FlEX

bypass valve would also increase the hydrogen bypass based on the bulk temperature rise in the

oxygen cooled nozzle. The principal valves used during throttling, however, are the turbine

bypass valves. The hydrogen turbine bypass valve action has been modeled and is given in

Figure 3.2-2. The distinctly non-linear valve action reflects the interaction with the hydrogen

regenerator bypass valve. At full thrust the regenerator bypass valve is limiting hydrogen tempera-

ture exiting the baffle plates to about 900°F, and the turbine bypass valve is only bypassing 6% of

the hydrogen so that nearly maximum power can be extracted from the turbine. The regenerator is,

in essence, the source of thermal power for thrusts greater than 5125 lbf. Similarly, the waste heat

picked up by the oxygen in the LO2/GH2 HEX provides about two-thirds of the thermal energy

needed to operate the oxygen TPA. It should be noted that the cycle is limited by the maximum

hydrogen temperature corresponding to a thrust chamber materials limit, and by an assumed safe

operating temperature for oxygen with the oxygen TPA materials. The baseline chamber pressure

is attained near the limits for these materials. Any higher normal chamber pressure is dependent on

a selection of materials with better high temperature strength and oxygen compatibility.

39



Q)

E_ ("

E--

• []

0
0

/
/

/

0

f°0
(M

"-U

0

0
Ul

%

{.-

uJ

t--
0

S.-
0

4-

It

E r,,,,,
• r-,,.

$,..4-1

t-- -..--,

!
,L",.J

_J
S.

Cn
°p
U_

i i • i | i I i i s | i

0 0 0 0
co t_. qD

• • i i i • i • i i • i i i i i

ssed,_e eulqJn¢ %

• i i i
0

0

4O



Overthrust operation is possible as long as there is any control authority for

the turbine bypass valves and maximum temperatures are not exceeded. For emergency operations

7500 lbf thrust can be exceeded at mixture ratios greater than six. This may be needed for lander

missions, but should be considered a backup capability available with the basic engine design. It is

not attained without a penalty of reduced engine life.

3.2.6 Purge Gas and Power Requirements

3.2.6.1 Purge Gas and Pneumatic Requirements

Purge gases are used in rocket engines to prevent the accumulation of propel-

lants in spaces where they could either freeze or react explosively. Also, some oxidizers may react

with the ambient environment to form corrosive solutions that could damage the engine. Where

these effects are possible, good design dictates use of a purge gas which is non-reactive with the

propellants. This gas is usually nitrogen, argon, or helium. Helium is commonly chosen as being

inert, of low-density, and noncondensable when used with cryogenic propellants. Helium requires

heavy tanks for high pressure storage and pressure regulators and valves. Lines must be plumbed

to all the areas requiring a purge, such an assembly is a significant part (20 to 40%) of a propul-

sion system's weight. It is very impo_ant for a space based vehicle such as the OTV to eliminate

or reduce the purge system size and weight. The importance of this is worth emphasizing as it

makes one of the strongest arguments for the dual expander cycle engine. In any comparison with

other candidate engine concepts the need or lack of need for a purge system must be considered

when weights are presented. A simple expander cycle engine uses an inert gas purge system and

that weight becomes part of the overall engine's system weight. A purge is needed as the oxygen

turbopump is driven by hot hydrogen gas and safety dictates that an inert gas interpropeilant seal be

used. A gear drive system is not an acceptable solution for long life and has seal problems that

also require an inert gas purge.

The design approach chosen for the dual expander engine is to eliminate an

inert gas purge completely. This is possible given space based operation and an oxygen turbop-

ump driven by 400°F oxygen. No interpropellant seals are required for either turbopump. The

engine is self-purging as the ambient pressure is effectively zero and the propellants will flash to

gases and quickly dissipate; their low freezing points make freezing inside the engine very

unlikely. Start is done with propellants at tank pressure (if possible) rather than a helium start

system. At this stage in the dual expander engine design there is no compelling reason to include a

purge system.



A pneumatic system would be required for some valve operations and, pos-

sibly, for engine gimballing. As this adds additional servicing requirements and more failure

modes, one of the design goals was to perform these functions electrically. The results of the

valve and gimbal design tasks favored an all electrical actuation system, so there was no need for a

pneumatic system.

3.2.6.2 Electrical power Requirements

tions/functions:

The dual expander engine requires electrical power for the following opera-

1) Valve operation

2) Gimbal actuation

3) Engine controller operation

4) Health monitor sensors and signal conditioning

5) Radiation cooled nozzle extension/retraction

6) Component thermal control (heaters)

7) Cool down circulation pumps

Electrical power requirements will vary with the engine status in the opera-

tion cycle. Fourteen operating points were selected as representative of the spectrum of power

usage. They are defined in Table 3.2-2, The estimated power (watts) for each point are matrixed

in Table 3.2-3. Steady state operating power can vary from 498 to 784 watts per engine.

Assuming two operating engines and a propellant load of 155,000 Ibm with 90% used by the main

engines, the per mission operating time would be one hour and 15 minutes. The watt hours would

be approximately 623 to 980 per engine or 1246 to 1960 per vehicle. This would have to be

increased for components needing continual thermal conditioning by heater circuits.

Two high wattage items are the main propellant shutoff valves. It is assumed

that these valves are powered open and spring loaded closed. These valves would require constant

current flow to stay open. This was estimated at 97 watts each. This high electrical use would

require some heat dissipation capability to be incorporated into the valve otherwise it would be life

limited or would be heating the cryogenic propellant. A lower power alternative would be to

design the valve with a solenoid latch open feature. A loss of power would de-energize the

solenoid, release the latch, and allow the spring to close the valve. The result would be a continu-

ous power consumption when open of about 5 watts instead of 97 watts.
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TABLE 3.2-2

ENGINE OPERATION SEQUENCE

Engine Operating Point

STATE

00

0

1

• Nozzle extension or retraction

• Engine out gimballing of operating engine

• Close fuel and ox turbine bypass valves (pump chiUdown)

Open fuel regen bypass valve

Open fuel igniter valve

Open fuel idle valve

2 • Open fuel main valve. Gaseous H2 flows through pumps,

nozzle regen jacket, baffles, idle valve and into chamber

3 • Activate spark igniters. Open ox main valve

4 • Open ox igniter valve

5 • Open ox turbine bypass valve. Gaseous 02 flows through

pumps, heat exchanger, nozzle cooling jacket, turbine bypass

and into chamber. Thrust chamber temperature is moni-

tored to verify ignition

6 • Modulate fuel idle valve to control mixture ratio

Start Up to Full Thrust

7 • Monitor fuel bypass flow temperature. As temperature rises,
modulate fuel idle valve to closure

8 • Turbine speed monitored to determine start of rotation,

bypass valves used to control mixture ratio

• Concern that one TPA output increases faster than the other

exceeding mixture ratio limit

9 • Start acceleration to operating thrust level

• Deactivate spark igniters. Close ox and fuel igniter valves.
Close fuel idle valve.

10 • Begin main tank autogenous pressurization

11 • Modulate heat exchanger and H2 regenerator bypass valves to

control ox and fuel turbine inlet temperatures

12 * Modulate ox turbine bypass valve and regenerator bypass

valve to control thrust level, fuel turbine bypass valve to
control mixture ratio
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A-2, respectively.

The figures for sensor power are discussed in Section 3.6.2 and Appendix

The baseline for the OTV is power generation from a bank of fuel cells. It is

evident that an electric power failure to the engine will shutdown the engine. Any failure of the

power link between the fuel cells and the engine will jeopardize the mission and must be repaired

before the engine can be restarted. An alternative is to include an emergency power source at the

engine that could complete the programmed engine operation and make a normal shutdown despite

a failure at the fuel cells or in the power distribution net. This alternative power source could be

either a battery kept charged by the fuel cells or an engine driven generator with a small battery.

The generator drive would be gas from the hydrogen turbine effluent, this alternative power sys-

tem may very well be necessary to meet manrating and safety requirements for the vehicle.
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3.3 DESIGNINTEGRATION

3.3.1 Component Layout

3.3.1.1 Envelope Requirements

The baseline transfer vehicle (OTV) is conceived as having two axial engines

mounted side-by-side. A view of such a mounting arrangement is given in Figure 3.3.1-1 with

the appropriate envelope dimensions. Engine height from the vehicle interface to the nozzle exit is

about ten feet. In the nozzle stowed configuration the engine height will be 60 inches. The nozzle

exit diameter is very near 61 inches. This gives a minimum exit plane width of 11 feet 2 inches

assuming a one foot separation between nozzles. Gimbal movement in the same plane would

increase this to a maximum envelope dimension of 13 feet assuming a +6 ° gimbal. For engine out

operation additional engine movement is required. The maximum envelope could go beyond 16

feet depending on the engine out gimbal requirement. The correlation between these dimensions

and the opening needed in an aerobrake is highly dependent on clearances, aerobrake thickness,

and aerobrake curvature, but it is evident that the opening will be greater than 12 feet across at the

widest dimension and 5 feet across at the narrowest. Aerobrake doors are going to be substantial

items with a heavy actuation system. This should be considered when evaluating the aerobrake

design as a side mounted system may offer some weight advantages. See Figure 3.3.1-2 for the

likely configurations.

The design envelope includes a six inch space between the engine/vehicle

interface and the top of the injector body. The injector is four inches thick and the distance from

injector face to the throat is 10.5 inches. A throat mounted gimbal is assumed. Gimbal dimen-

sions/forces are detailed in Section 3.3.4. Outside diameter of the thrust chamber is about ten

inches. The extendible/retractable nozzle limits the component mounting envelope to a maximum

of 18.8 inches from the engine centerline. Subtracting the chamber radius of 5 inches from this

leaves a packaging envelope of a 13.8 inch thick annulus about 14 inches high for all of the engine

components.

3.3.1.2 Component Locations

Detailed layout drawings for the engine are included in Appendix A.4. The

two side views with components labeled are given in Figures 3.3.1-3 and 3.3.1-4. Component

dimensions derived from the component design subtasks were used for these drawings so that they

would be a true representation of the expected packaging.
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Components are mounted on a metal "can" assembly that is welded to the

injector assembly. The other end of the can is attached to the hydrogen inlet manifold via a slip-

joint to accommodate thermal expansion. This can assembly also serves to reduce side loads on

the engine nozzle. A sketch of the can and gimbal ring configuration is given in Figure 3.3.1-5.

The gimbal ring is actually a circular hollow box assembly similar in design to the gimbal used on

the Space Shuttle Orbital Maneuvering System (OMS) engines. It is attached to the hydrogen inlet

manifold assembly by three brackets.

Thrust takeout assemblies are attached to the engine manifold in two places

as shown in Figure 3.3.1-5 and Figure 3.3.1-6. These would be substantial metal structures

capable of sustaining the full engine thrust. They connect to the gimbal ring by hinge joints. The

ring is located just inside the diameter limit set by the extendible nozzle. The gimbal ring is

attached to the engine out gimbal structure by hinge joints and a thrust takeout assembly. This

assembly allows the engine to rotate _+6° plus some margin for the allowable movement in the pitch

axis. The yaw axis movement is set by the hinge joints between the gimbal ring and the thrust

takeout structure fi'om the engine manifold. By locating these two structures 90 ° apart the engine

can move in any direction within the mechanical stops of the hinge joints. The movement is

actually done by applying the actuator forces at the head of the engine through a gimbal attachment

structure (see Figure 3.3.1-5). Two actuators located 90 ° apart can provide the full range of

movement.

3.3.2 .Line Sizes and Pressure Drops

Line lengths were estimated using the component layout drawings. State prop-

erties for the oxygen and hydrogen at the flow conditions were called up from the database on the

Prime computer, and line sizes were then calculated. Criteria for the size selection were minimum

pressure drop and line diameter. These two conflicting criteria required a tradeoff, but line diame-

ters of two inches or less gave acceptable pressure drops in all cases. With the line diameters

selected, pressure drops were calculated for all major line segments. They are presented in

Table 3.3.2-1 for the hydrogen lines and Table 3.3.2-2 for the oxygen lines. Total line pressure

drops of 70 psi for the hydrogen circuit and 50 psi for the oxygen circuit are small in comparison

to component pressure drops.

3.3.3 Flex Lines and Joints

The restricted component packaging envelope and in-space maintenance

requirements required the plumbing layout design to include several flexible line sections that

would normally be hard plumbed. Modem flexible line fabrication makes these lines as reliable as
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seamless tube lines although inspection is more difficult. The baseline flexible line construction is

shown in Figure 3.3.3-1. A stainless metal inner core is covered with a woven metal wire braid.

The inner core is designed to accept the operating pressure without the braid, but the braid adds

both greater strength and protection for the inner core from rubs and abrasion. Such lines will

normally accept 8 to 10 times maximum expected operating pressure (MEOP) before leaking. This

is well in excess of the requirements of any design standard. At this stage of the design not all

flexible line sections are identified, but they will include the hydrogen and oxygen tank pressuriza-

tion lines, and the main propellant flow lines from the low pressure boost pumps to the high pres-

sure turbopumps. These four lines cross the engine/vehicle interface and will be subject to move-

ment as the engine is gimballed.

The need for an engine out gimbal requires a significant movement of the

operating engine. Propellant inlet lines are routed to the engine at the hinge line for the engine out

gimbal. This reduces line movement but requires a significant bend in these two inch lines. A

design solution is to use the same type of flex joints that were proven successful in a similar appli-

cation for the Space Shuttle Main Engine (SSME). This joint design is shown in Figure 3.3.3-2.

3.3.4 Gimbal Concept

The stated gimbal requirement is _+_20° in the pitch and yaw axes. This is a very

demanding requirement. It would add considerable weight to a gimbal system, significantly com-

promise the extendible nozzle design due to envelope, and greatly complicate the thrust takeout

structure design. After consultation with the NASA Program Monitor it was concluded that the 20 °

movement was actually required only for engine-out situations. A more modest :L-60movement

would be appropriate for normal vehicle operation. This led to the concept of using two separate

gimbal systems. The primary gimbal is a lightweight system with limits of_+6' in the pitch and

yaw axes. It is assumed that engine movement will not violate the adjacent engine's envelope. A

12 inch clearance between nozzle exits is arbitrarily established as the movement limit. This puts

the engine thrust vector 36 inches to the side of the vehicle geometric centerline. With both engines

operating this disparity cancels out. With only one engine operating, however, the operating

engine must be repositioned to put the engine thrust vector through the vehicle center of mass.

The engine-out gimbal system takes advantage of the symmetry of the system.

It only needs to move the engine in one direction. This allows for a single actuator rigidly mounted

at the vehicle/engine interface to operate the engine-out gimbal. A mounting platform for the sys-

tem is shown in Figure 3.3.4-1. The hinge point is towards the outboard side of the platform for
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each engine. The _+6° gimbal actuators are mounted on this platform. All propellant lines and

engine wire harnesses are routed across the interface at the hinge line. To aid in engine removal,

all propellant shutoff valves are directly above the separation joints which are hard mounted to the

platform. This allows valves to be closed and engine removal to proceed without opening any

lines where trapped propellant may be present. The hinge points can also be opened from below

so that the complete engine and gimbal platform can be removed as a unit. Thrust takeout is

through the two hinge attachments and the engine-out actuator. In the normal fully operational

position the platform would be snubbed against the vehicle structure to reduce loads on the actuator

and transfer thrust loads through a larger surface. An illustration of the system operation is given

as Figure 3.3.4-2.

A summary of program goals and design capability is given in Table 3.3.4-1.

With the primary and engine-out gimbal baseline established, calculations were made to determine

torques, loads, forces, strokes, and stroke rates. These calculations are summarized in

Table 3.3.4-2. Loads and forces are modest and present no serious design problem. The stroke

rate for the primary gimbal is fast enough to assure response under all likely operating conditions.

Response time may well be limited by the time lags in the system measuring attitude deviations and

commanding corrections rather than by the gimbal system response.

The engine-out gimbal response is shown for the 6.67 inch stroke. An engine

failure would require immediate operation of the engine-out gimbal as the tailoff impulse from the

failed engine would decay to zero within three seconds (estimate). A stroke rate of 1.729 in./sec

would allow the operating engine thrust vector to be repositioned 20 ° within 3.9 seconds. If the

correction to place the thrust vector through the vehicle center of mass were near this limit there

would be a possibility of a turning moment during the engine-out gimbal movement This can be

compensated for by the use of attitude control thrusters (preferable) or by reducing thrust on the

operating engine during the repositioning. The last option is feasible but would be disquieting to

crew members who would see one engine fail and the remaining one momentarily decreasing in

thrust. Another option available at the cost of higher actuation forces and greater weight is to

increase the stroke rate to 2.859 inches/second. This would reposition the engine within the failed

engine tailoff impulse.

The system design would have to include several safeguards. The most obvi-

ous is an electronic command to the operating engine gimbal to begin movement just as soon as

there were engine failure indications in the other engine. These could be main propellant valve clo-

sure, an uncommanded decrease in turbopump speed beyond a few percent, or a health monitor

60
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TABLE 3.3.4-1

COMPARISON OF PROGRAM GOALS AND DESIGN CAPABILITY

Gimbal Movement

Primary, Pitch & Yaw Axes

Engine Out, yaw Axis
Total

Envelope

Engine, Nozzle Stowed Length

Engine Length, Nozzle Extended

Gimbal Type

Primary
Engine Out

Goal. Design_

+20 °

60 inch

120 inch

TBD

TBD

+6 °

+14 °

+20 °, -6 °

60.09 inch

117.8 inch

Throat

Single Axis Hinge
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TABLE 3.3,4-2

DESIGN VALUES

Assumed Req_lir_mCnts

Gimbal Velocity 3 deg/sec (max)

Gimbal Acceleration 60 deg/sec 2 (max)

Pitch Angle +6 °
Yaw Angle +6 °
Engine 0 to 14 °

Estimated Torques Breakaway

FrictionTorque:

Primary Gimbal
Engine Out

Thrust Misalignment:
Primary Gimbal
Engine Out

Running with Max Acceleration

Friction Torque:
Primary Gimbal +_2200 in-lbf
Engine Out +700 in-lbf

Thrust Misalignment:
Primary Gimbal +800 in-lbf
Engine Out +115,000 in-lbf

Primary Gimbal

• Actuator Load

FrictionTorque, m = + 4000 in-lbf

Thrust Misalignment, m = 800 in-lbf

Inertia, T = 215,100 Ibm-in 2 (max)

+4000 in-lbf
+1500 in-lbf

+ 800 in-lbf

+115,000 in-lbf

m -- io = 215,100 lbm-in2 x .0027 rad lbf/lbm-in

= 582.8 in-lbf

Sm = 5383 in-lbf

m 5383

Force = d = 20 = 269.2 lbf

Stroke = +_2.102 in (4.204 total)

2.102 3 °

Stroke Rate = 6 ° sec - 1,051 in/sec
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TABLE 3.3.4-2 (cont.)

Engine Out Gimbal

• Actuator Load

FrictionTorque, m = 1500 in-lbf

Thrust Misalignment, m = 115,000 in-lbf

Inertia, i, Assume 50% larger than for main gimbal due to

platform and gimbal component inertias
• m = .5 x 583 in-lbf = 292 in-lbf

• XM = 1500 + 115,000 + 292 = 116,792 in-lbf

m
• Force = _ = 4366 lbf

• Stroke = 6.670 inches

6.670 in 3 o

• Stroke Rate - 140 x-- = 1.729 in/secse_

6.670 in. 6 °

• Alternate Stroke Rate - 140 X--sec = 2.859 in./sec

NOTE: This is double the assumed gimbal velocity usual in gimbal

design.
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system engine shutdown command. There is also a need for a thrust reduction/engine shutdown

circuit that would be triggered by an attitude excursion approaching the vehicle's stability limits.

The last design option with safety implications would be to add a manual cranking capability to the

engine-out actuator. In the event of a failed actuator (not frozen) the system could be cranked to

the predicted engine-out setting. This may or may not require an EVA depending on vehicle

design.

3.3.5 Weights and Moments

3.3.5.1 Engine Coordinates and Moments

An early set of calculations of component weights and their locations on the

layout drawings were used to determine the center of mass and moment of inertia about the center

of mass. These calculations are summarized in Table 3.3.4-3 along with the products of inertia.

The datum point, station 100.0.0, was selected as a point on the engine/vehicle interface line. This

coordinate system is illustrated in Figure 3.3.5-1. Each integer station change is equivalent to one

inch.

The engine throat is at station 120.0.0. Engine center of mass is 8.8 inches

below the throat and within fractions of an inch of being centered at the intersection of the Y and Z

axes. This indicates very good packaging.

The engine component weights were updated towards the end of the design

work and the revised figures are presented in the next section. Gimbal calculations and moments

were not revised to the new figures as they were close enough to the originals to give little error

and available hours were considered better spent on other tasks.

3.3.5.2 Engine Weight Prediction

Engine weights were calculated at two different times during the design. The

latest calculation is given in Table 3.3.5-4 along with the center of mass data. All component

weights were assumed to be within +__20%of production component weight. When calculating the

expected range of total engine weight a simple +_20% gives too wide a variation as it is highly

unlikely that all components would come in at minimum weight or all would be at maximum

weight. The minimum and maximum weight figures use the square root of the sum of the squares

of the differences between nominal and extreme for each component. This statistically based

method usually predicts a more realistic overall range for the final weight. The nominal weight of

298.4 Ibm does not include several components that could reasonably be assumed to be part of the
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engine. These are components either not gimbaUed or above the engine/vehicle interface. A pre-

liminary estimate for these components is given in Table 3.3.5-5. Center of mass estimates were

not computed for these components as they are attached to vehicle structures.

One assembly not needed for this engine that would add considerable weight

is a helium purge system. The baseline design is considered capable of self purging when

operating in space. This should be considered when comparing the weight of this engine with

other designs. This is a very important discriminator that affects not only total weight but such

other factors as servicing, reliability, packaging, and vehicle design.

3.3.6 Materials Selection and Producibility

3.3.6.1 Producibility

A detailed producibility analysis will be completed as part of the detail design

phase. For the preliminary design a much more limited analysis was completed. It was subject to

the following guidelines and limitations:

Limited by available hours in the component integration subtasks and

low priority.

Chamber and injector producibility concerns to be addressed by a sepa-

rate NASA LeRC funded task within the program.

Heat exchanger and regenerator producibility to be demonstrated in the

SSME heat exchanger program.

Valve and sensor producibility issues given only cursory consideration

until there is better component definition.

Four areas were evaluated for producibility. The concerns are summarized in

Table 3.3.6-1.

The baseline turbopumps use hydrostatic bearing systems. This is necessary

to meet the reliability and service life requirements of the engine. To function efficiently, the

bearings must operate with clearances of 0.2 to 0.5 mil over fairly large areas. A larger clearance

rapidly translates into severe losses in efficiency as the high pressure fluid for bearing operation is

taken from the pump output and discharges into the turbine output. Tolerances for the beatings are
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Component

Propellant Flowmeters (4)

Hydrogen Main Shutoff Valve

Oxygen Main Shutoff Valve

Primary Gimbal Actuators (2)

Engine Out Gimbal Actuator

Subtotal

Nominal Gimballed Component Weight

TOTAL

TABLE 3.3.5-5

PRELIMINARY ENGINE WEIGHT ESTIMATE

COMPLETE ENGINE

Current Weight Estimate

3.0 Ibm

8.5

8.0

17.0

14.0

50.5 Ibm

298.4

348.9 lbm
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TABLE 3.3.6-1

PRODUCIBILITY CONCERNS

TPA Spherical Bearings

- Few machine shops with competence to meet geometries, clearances

- Materials unfamiliar to many shops

Heat Exchanger May Be Made of lnconel or Nickel

- Limited platelet fabrication experience

- Bond strength must be demonstrated

- Selection of bonding aids need to be optimized

Hot H2 and Warm 02 Turbine Bypass Valves Not in Production

- Limited vendor experience

- No long life designs

- Reliability needs to be proven

Thrust Chamber/Injector Complicated

- Channel geometry requires many machining steps

Flow circuits in injector unusually complex

Hydrogen cooled baffles have critical fabrication requirements
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correspondingly very tight. This limits the number of machine shops willing and capable of per-

forming the work. During the prefabrication vendor survey for the OTV oxygen TPA there were

fewer than a half dozen shops identified in California that were competent to perform the work,

and not all would bid on it. The shops with modem numerically controlled machines is increasing,

but they also require a competent programmer to function. This is a skill in short supply in most

shops. The result is few bidders, high cost, and schedule delays. This situation should be

improving during the next few years, but will be a concern for TPA manufacture.

The oxygen TPA also will use various monel alloys and surface coatings of

silver or other non-flammable materials. Most shops are comfortable with steel, aluminum, and

titanium alloys, the common aerospace materials. The monels are out of context for these shops

unless they also do work for the chemical process industry. The lack of familiarity with these

materials also leads to no-bids when fabricators are solicited. A solution is to work closely with a

small number of selected vendors to develop their capability and assure there will be bidders for

these jobs. That requires continued work over the next few years using these materials. Some

production work is needed; technology efforts are too short lived and do not lend to repeat busi-

ness for these specialty vendors.

The baseline construction materials for the LO2/GH2 heat exchanger (HEX)

is NASA-Z copper. The phase change of the oxygen can be more easily accommodated by

reducing the heat transfer coefficient. A means of doing this is to use monel or inconel as the HEX

construction material. A deterrent to this is the limited platelet fabrication experience with either of

these alloy families. Producibility would need to be proven by developing bonding parameters,

verifying bond strength, and selecting bond aids. This could easily require an expensive develop-

ment program. The alternative is to stay with copper but develop a channel geometry that would

promote mixing despite some film boiling. This would also require analysis and some verification

testing and could have a cost similar to the rnonel or inconel platelet development. In other respects

the platelet heat exchanger technology is rapidly maturing with the current SSME heat exchanger

development program solving many problems.

The turbine bypass valves are hot gas proportioner valves. They function by

opening a low pressure drop passage around the TPA turbine in response to engine controller

commands. If ideally designed the amount of gas routed through the bypass would be directly

proportional to the linear or angular travel of the valve mechanism. This is not a simple design task

as flowrates show wide variation, temperatures of entering gas vary several hundred degrees, and

the gas pressure can be a few psi or several thousand psi. ATC conducted a vendor survey in
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1985andwasunabletofind readilyadaptablevalvesfrom anyvalvevendor.Developmentcosts

were,at thattime,estimatedatwellover$1M. Novalvedevelopmentwasfunded. In 1988the

AerojetSolidPropulsionCompany(ASPC)wasaskedtoevaluatesolidpropellanthotgasvalves

for adaptationto theOTVengine.EngineersfromASPCpresentedsomeinformationonhotgas

valvesthatshowedthattheOTV operatingconditionswerewell within currentstate-of-the-art,but

reliability for thehighnumberof cycleswouldhaveto beprovenassolidpropellantgasvalves

havevery shortcyclelife requirements.ThecurrentATC positionis thattheturbinebypassvalves

canbeadaptedfrom solidpropellanthotgasvalvesbutadevelopmentprogramis still needed.

Costandscheduleshouldbeacceptablefor anOTVenginedevelopmentprogram.

Theremainingproducibilityconcernwaspromptedbythecomplexityof the

baffledinjectordesign.Thebaffleplatesareanecessarycomponentin thedesignastheyprovide

over60%of theheattransferareafor heatingthehydrogen.Thebaselinedesignusesaplatelet

stackto form theflow channels.A cross-sectionthroughachannelis shownin Figure3.3.6-1.

Thischannelis only0.020inchwidebut0.20inchdeep.As indicatedin thefigure,thetip of the

baffleis machinedtoa smoothsemi-circleafterbonding,Presentconcernsareto verify thebond

strengthandtheheattransferthroughtheplateletstack.Thebondingwill beprovenin theSSME

heatexchangerprogram,andanewtaskstartedin June1988will assessthermalconductivity

throughastackof bondedcopperplatelets.

Theregenerativelycooledchamberbaselinesamicrochanneldesignfor opti-

mumlife andcooling. Channelsare0.010inchwideand0.083inchdeepin thethroatwith lands

0.011inchwide. In the3.0Klbf TCA cooledthroatprogramATC demonstrated0.010inch x

0.040inchdeepchannelsin NASA-Zmaterial.Thenewtaskstartedin June1988will assessthe

ability to machinethedeepermicrochannelsinGLIDCOPAL-15. TheGLIDCOPmaterialwas
chosenfor bettercyclelife,butmachiningpropertiesneedto beassessed.Fallbackwouldbeto
theNASA-Z material.

Theremainingconcernwith thethrustchamberinvolvesthecomplexityof

thefabrication.Therearemanyparts,flow pathsarecomplex,andfabricationwill involvebrazing

andseveraltypesof welds.A realisticassessmentof theproducibilitywill requirethedesignto be

completed.At presentit iscompleteonly to thepreliminarydesignlevel.
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3.3.6.2 Materials Selection

The criteria for materials selection are:

• Propellant/combustion gas compatibility

• Strength/Weight ratio of candidate materials

• Acceptable properties over the mission temperature range

• Fabricability in the part geometry

• Thermal conductivity for hot section parts

Compatible coefficients of thermal expansion and galvanic corrosion

potential for joined materials

• Data base for material properties

• Susceptibility to radiation induced property changes

• Material availability and vendor reliability

There was no intent to select materials with significant development require-

ments even though potential benefits were possible. Even the search for 400°F oxygen compatible

metals was directed at existing alloys. Also, composite materials were excluded due to the need to

verify properties in specific applications and to tailor designs to accommodate preferred lay up or

weave fabrication methods. Such materials should be investigated for actual OTV engine devel-

opment as they can significantly reduce weight for many parts.

The worst case temperature range was assumed to be from 37.8°R (liquid

hydrogen temperature) to the component specific temperature listed in Table 3.3.6-2. All materials

except the copper alloys have indefinite operation time at these temperatures. Copper alloys are

time limited at temperature >800°F as annealing starts above that temperature and they will even-

tually revert to the annealed properties.

Propellant compatibility was fairly easily assessed. The oxygen compatible

materials are well recognized in this industry. Hydrogen compatibility hinged on the susceptibility



TABLE 3.3.6-2

OTV ENGINE COMPONENT THERMAL DESIGN CONSTRAINTS

Hydrogen TPA Turbine Inlet:

Oxygen TPA Turbine Inlet:

• Hydrogen TPA Turbine Bypass Valve:

• Oxygen TPA Turbine Bypass Valve:

• Hydrogen Tank Pressurization
Valve:

• Oxygen Tank Pressurization Valve:

• Thrust Chamber Wall

• Baffle Plate Wall

- Copper Alloy Construction

- Cu-Ni-Pt Construction

~1250°F Materials in Baseline Design
(Titanium, Inconel)

< 400°F Established as a Safe Upper

Limit for Oxygen Operation

-1250°F for Materials Selected

<400°F Safety Considerations for

Oxygen Service

~1250°F for Materials Selected

<400°F for Safety Considerations

_<800°F

_1000°F

_2200°F
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to hydrogenembrittlementof thematerial,and,to a lesser extent on hydrogen diffusion rates

through the material. The recommended materials are given in Table 3.3.6-3. More detailed lists

are given in the TPA and valve discussions for these components.

One material option not pursued in the preliminary design that may be very

beneficial from the standpoint of chamber life is the use of a ceramic coating on the copper in the

throat. NASA LeRC is funding a program to validate such an approach during FY 88. This could

be a very important and relatively simple means of extending chamber life by reducing the copper

surface temperature in the very high heat flux environment of the throat. It could also be the means

for allowing an increase in chamber pressure above 2000 psia which is at present more a materials

limit than a hydrogen heating limit.

3.3.7 Design Areas Not Addressed

The resources available required some limits on the design task scope. Areas

not addressed are given in Table 3.3.7-1. None of these items would be expected to present seri-

ous design problems. Some, such as the safety analysis, would be best reserved until require-

ments are better defined and the engine is put in the context of a propulsion system design. It

should be noted that insulation requirements could add several pounds to the engine weight and can

force a reconsideration of some in-space maintainability options.
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TABLE 3.3.7-1

DESIGN AREAS NOT YET ADDRESSED

• Component and seal redundancy

• Component mounts and bracketry

• Component structural analysis

• Maintainability - welded vs bolted interfaces

• Sensor signal conditioning unit locations and attachments

• Ignition system integration and packaging

• Additional flex joints for lines (misalignment, angularity, thermal,
distortion)

• Nozzle and engine stowing

• Insulation

• Safety analysis - manrating
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3.4 COMPONENT DESIGN

3.4.1 Hydrogen Turbopump Assemblies

The hydrogen pressurizing system consists of a low pressure boost turbopump

followed by a high pressure turbopump, Figure 3.4.1-1. The boost turbopump consists of a sin-

gle stage pump driven by a four stage hydraulic turbine on a common shaft, Figure 3.4.1-2. The

rotor assembly is supported on ball bearings which are cooled by the pumped hydrogen.

Labyrinth seals are used between the turbine-beating-pump as limited leakage can be tolerated

when the same fluid is in all components. The boost turbopump is estimated to weigh 5 pounds.

The high pressure hydrogen turbopump integrates two spools consisting of a

two stage centrifugal pump driven by a single stage turbine, Figure 3.4.1-3. The pumps are simi-

lar except, for the first of the four pump stages, where an axial flow inducer has been incorporated.

The turbine rotor of the second high pressure spool, exhausts directly into the first, low pressure

spool turbine. The majority of the pump parts are common between the two spools except for the

inducer. The turbine nozzles and rotors differ to accommodate the gas density differences between

spools. The bearing systems are axially compensated hydrostatic spherical beatings flowing

hydrogen. Beating flow is supplied by each spool's high pressure pump stage. Estimated weight

is 15 pounds.

3.4.1.1 Hydrogen Turbopump Design Criteria

Design criteria controlling turbopump design operating conditions are dic-

tated by the OTV engine interface requirements, Table 2-1 and the estimated best obtainable engine

specific impulse. The resulting engine flow rates and pressures, tabulated in Table 3.4.1-1, are

the basis for the hydrogen turbopump design extreme operating conditions. The basic through

flow rates and pump discharge pressures are dictated by the engine thrust and chamber pressure

requirements. Suction pressure and temperature come from propellant storage conditions. Turbine

flow rate and pressure ratio result from the available turbine inlet pressure and temperature dictated

by the thrust chamber hydrogen cooling system heating and pressure drop characteristics.

The relatively low net positive suction head, NPSH, of 15 feet would result

in a 20,000 rpm high pressure turbopump with low specific speed pumps and turbine. Low spe-

cific speed yields low efficiencies and relatively high weights. As a result, the pumping system

selected employs a low speed boost turbopump operating at 20,000 rpm followed by a higher

speed high pressure turbopump; a preliminary design specification sheet is given as Table 3.4.1-2.
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TABLE 3.4.1-1

TURBOPUMP DESIGN POINT CONDITIONS

Oxidizer

Engine inlet temperature °R 162.7

Engine minimum net positive suction head Ft 2

Pump flow rate lbs/sec 16.2

Pump discharge pressure psia 5247

Turbine inlet temperature °R 860

Turbine inlet pressure psia 4937

Turbine flow rate ibs/sec 15.65

Fuel

37.8

15

2.3

5589

1005

4889

2.2

Q/I



TABLE 3.4.1-2

PRELIMINARY DESIGN SPECIFICATION SHEET
EXTREME OPERATING PERFORMANCE

Oetcrlptlon • Hydrogen Turb<)pump

OTV ?.5K Pound Thru,I Engine

Throat Arll 1.761 In. t

862S Pounds Th_tt T M.R. 11)

2300 pal Chamber (2)

Pumps Olmenslons

Propellant (I)

Propellant Temperature 'R

Propelllnl O enllty Ib/tl:

Shin Speed rpm

Total Olscharge Pretlure pill

Total Suction Prellurt pill

TotaIPreliure Rite psi

Tolal Head Rile (Ca_itl_g) I1

Weight FIow Iblt ec

Capaclly gpm

Specllic Speed ($ta,ge) _pm r. gpm

I1

Efficiency %

Fluid Horsepower h.p.

Shall Horsepower h.p.

Net Potlllee Suction Head It

Suction Specmc Sp_ed rpm z gpm

(t

Thermodynamic Suppre,slon Head It

Number ol $tlget per Spool

Number of Spools

Olameler Of Impeller In.

Blade Height Ezlt In.

Relerence (1): O1"V Bite,clive & Work Plan. pl, Table I

8oo,1 Induce*" Main

i i L

LH 2 LH 2 LH 2

37.s11) 38 4o.s
4.38 4.36 4.3

20,000 180,000 180,OOO

39.8 221 SSSg (2)

lO.S 3t.8 212

21.3 182 5377

7O0 700O 1_,:;10

2.3 2.78 2.3 (2)
235 309 230

2270 4400 1020

70 10 60

2.t2 )0 670

4.20 43 Illl

tS (1) SiS 6000

3O.400 20.100 SO00

/' 260

! 1 2

1 2

2.44 1.29 2.12

(2): Eaireme Operating Conditions

Turbine

Oypatm % --

Gas LH 2

Shaft Power h.p. 4.2

Gas Weight Flow Ib/sec 0.71

CII Inlet Total Temperature 'R

Pressure Ratio ..

Static Back Ptellure pall 40

Shill Speed rpm 20.000

Eillclency % SO

Gas Inlet Total Pressure pill 200

Nozzle Area (Efle¢tlve) In. I 0.31

Spe¢lll¢ Heal Btu/IbIR

Specific Heat RlUo

Gis Con,,llnt MR

OIlmetet In. 1.S

Oilde Height In. 0,08

4.0 (2)
GH 2

2.208

100S(2)
I.l,2

280o (2)

180,000
52 k $0

4868(2)

3.S

1.4

T72.S

1.78

0.08
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3.4.1.2 Hydrogen Turbopump Performance Models

Hydrogen and oxygen turbopump components are designed to Aerojet

TechSystems Company proprietary criteria except for centrifugal pumps. Centrifugal pumps are

designed to "HEAD". This analytical model has been developed at Aerojet TechSystems Company

over a two year period for the purpose of making detailed performance assessments of small low

specific speed pumps. The model has been validated by correlation with extensive test results

acquired from company-sponsored programs.

The model is used to analyze the overall performance of the pump by

examining the detailed loss mechanisms. The losses are divided into four basic categories: slip

(deviation of the fluid from the discharge blade angle), hydraulic or primary flow friction losses,

volumetric or leakage losses, and disc friction losses. These losses and their functional

dependencies are summarized in Table 3.4.1-3. The detailed geometry of a particular pump

design determines its loss distribution and resulting efficiency and input power requirements.

Bearing and seal losses are not included in this model and are, therefore, not represented by pump

efficiency or pump input power requirements. They are evaluated separately and are accounted for

in the turbine power requirements.

3.4.1.3 Hydrogen Turbopump Trade Study

The total head rise required by the 5589 psia hydrogen discharge pressure

insures that more than one centrifugal pump stage will be required for the high pressure hydrogen

turbopump. The question of just how many stages is answered by looking at the trade off between

pump efficiency, impeller size and impeller tip speed. Typical efficiencies, impeller size and

resulting impeller tip speed is displayed on Figure 3.4.1-4 plotted versus pump speed for the 2.63

lb/sec design flow rate and total pressure rise. An examination of the results indicate that three or

less pump stages pushes impeller tip speed above 2000 feet/seconds, a typical upper stress limit.

Increasing the number of stages has the benefit of modestly increasing the pump stage efficiency

but at the cost of increasing numbers of parts and complexity. Four pump stages are selected as

the optimum for the stated requirements. Splitting the baseline design of four stages divided into

two spools of two stages each permits the possibility of a sub-critical speed shaft assembly design

and a two stage turbine rotor configuration. The naturally high nozzle spouting velocity resulting

from hydrogen turbine drive gas can use multiple staging to avoid a lower specific speed-low effi-

ciency turbine design. The decision to employ a boost pump permits the high pressure/high speed

TPA pumps to be free of suction specific limitations. The hydrogen boost pump pressure rise is
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then fixed by the high pressure turbopump inducer NPSH requirement. Figure 3.4.1-5 shows the

boostpump mounted in-line ahead of the high speed TPA.

3.4.1.4 Hydrogen Turbopump Design Consideration

Design considerations for pump, bearings, seals and turbine are made on a

component basis in addition to system factors. Precise component independence is not possible as

each has an impact on one or more of the others. The following section comments on specific

issues considered in the process of selecting the type of component and its impact on the turbop-

ump assembly.

3.4. 1.4.1 High Reliability

A primary requirement that can be varied in a machine that meets perfor-

mance is reliability. The selection of the type of component and its speed (cycles) will determine

that reliability for a given required design life. The updated 1987 Goals/Requirements of

Table 2-1 were used for the turbopumps described in this design study. The goal of a 4 hour ser-

vice life multiplied by the 5X service factor yields a 20 hour design life for the turbopump compo-

nents. The assumption of bearing reliability to be 10X the 0.9997 engine reliability results in a

12,500 hour bearing design life, Table 3.4.1-4.

The component selection most significantly affected is the beating. The

small shaft diameters (17 mm) of the proposed high pressure hydrogen turbopump and the high

speed (180,000 rpm) results in a ball load due to centrifugal force alone of 15 times the allowable

fatigue life load limit for 12,500 hours life. Although "DN" values of 3 x 106 mm x rpm have

been demonstrated in hydrogen for less than an hour and 1.5 x 106 mm x rpm for up to 10 hours,

the ball beating must be eliminated from the design of the subject high pressure turbopump on a

life basis alone. Hydrostatic beatings provide the type of design that is not affected by fatigue life.

Its life will be limited by wear, if significant, during the start/shutdown transient. The boost tur-

bopump speed and loads permit ball bearings to be utilized for these lower speed machines.

3.4.1.4.2 Hydrogen Turbopump Bearings

Once the hydrostatic bearing type was selected for the high pressure

hydrogen turbopump, the beating operating characteristics were addressed. The conventional

hydrostatic bearing utilizing straight journals and planor radial thrust faces is illustrated in

Figure 3.4.1-5a. The thrust bearing set, however, operates with too close a running clearance for
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TABLE 3.4.1-4

OTV BEARING LIFE REQUIREMENT

Engine Reliability

Engine Service Life

Assume Bearing Reliability

Bearing Reliability

Bearing Design Life

.'.Bearing BlO Life _- 5 x 4 x 54

Since Bn - 5 x Bn/10

0.9997

4 hours

10 x Engine Reliability

0.99999

5 x Service Life

12,500 hours

9l
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the shaft centerline cocking permitted by the journal bearing span. This potential interference is

corrected for by making the thrust and journal bearing self-aligning via use of hydrostatically

floated spherical sockets. Figure 3.4.1-6. The shaft journal sections were found to need compen-

sation for radial centrifugal force growth to maintain the desired journal running clearance at maxi-

mum speed. This is accomplished by inserting interference fit low specific weight inserts at the

journal locations. The final bearing system design incorporates axially compensated curvilinear

hydrostatic bearing set, see Figure 3.4.1-3. Axial compensation was also found to be needed in

addition to the radial. By hydrostatically axially loading one of the bearing surfaces, both radial

and axial movement is compensated for whether it is caused by thermal growth differences or cen-

trifugal force.

The final design configuration for the hydrogen turbopump separates the

four pump stages so that two pump rotors are carded on each of two shafts. Each spool has its

own turbine rotor, see Figure 3.4.1-3. The selected four stage-two spool configuration addresses

the need for shaft-housing thermal length change, loss of bearing clearance due to shaft misalign-

ment, and change in shaft radial size due to centrifugal growth. Issues to be confirmed by a fea-

sibility program are: determine the wear coefficient and friction coefficient for the bearings, con-

firm the load capacity and running clearance through the start transient, and determine the critical

speed margin through the start transient on up to full speed.

3.4.1.4.3 Hydrogen Turbopump Shaft/Bearing System Critical Speed

Shaft/bearing system critical speed can impact a turbopump design in

numerous ways. The need to operate the unshrouded pumps at 0.001 to 0.002 inch running clear-

ance to maintain pump efficiency and to operate over a wide if not full speed range required that

shaft excursions due to passing through a critical speed be minimized if not avoided completely.

Rolling contact bearings were rejected in addition due to their inability to keep deflections within

the impeller/housing running clearances and their having low bearing stiffness. Figure 3.4.1-7

illustrates the relative relationship of the three typical operating zones that turbopumps are designed

to operate within at full speed. Selecting zone 1 for the design range provides the capability of

steady state low vibration operation over the full speed range. To obtain maximum subcritical

speed, high bearing stiffness is required. The election of hydrostatic bearings provides the high

bearing stiffness that permits subcritical operating speed over the speed range required.

The selection of a subcritical design also has the benefit of avoiding the

potential of subsynchronous whirl and permits a lower cost low speed balance requirement.
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3.4.1.4.4 Hydrogen Turbopump Turbines

The desire to split the hydrogen turbopump into a two spool machine is

fortuitous. Whereas a single stage turbine would result in a specific speed of 21 (rpm cfsl/2/ft3/4),

a more desirable specific speed of 36 each is attained as the result of using two spools (two turbine

stages). Stage efficiency increases from less than 55% to greater than 60% with dual spools.

The turbines are subsonic, full admission axial flow type. Although de-

signed as a typical two stage single shaft configuration, they will have each rotor driving two pump

stages on a single shaft. Turbine rotor tip clearances of 0.001 to 0.003 inches will be practical to

use with the employment of the very stiff hydrostatic bearing system. The small diameter (1.78

inch) rotors will therefore not penalize the turbine efficiency due to the typical large relative clear-

ances of most small machines.

3.4.1.4.5 Hydrogen Turbopump Pumps

Selection of the number of pump stages was discussed in 3.4.1.3. In

summary, a four stage design permits reasonable efficiency and specific speed without exceeding

1600 ft/sec tip speeds or going to impeller diameters much less than two inches.

Both shrouded and unshrouded impellers are considered. The selection of

high spring rate hydrostatic bearings permits the application of unshrouded impellers without a

large efficiency loss. In addition, fabrication is made easier by avoiding the attachment difficulty

of a shroud.

Vaned diffusers are used as they are required as axial structural bridging

between housing inserts, Figure 3.4.1-3. They will have a slightly better peak efficiency but will

penalize pump head rise for non-nominal specific speed operation.

The high pressure turbopump inducer will require considerable boosting of

its suction pressure in order to keep to a 20,000 design suction specific speed value. The mini-

mum engine net positive suction head, NPSH, of 15 It is boosted to 515 It by a separate low

speed, low pressure boost pump.

The boost turbopump is designed to operate at the engine interface mini-

mum NPSH of 15 feet. Its prime purpose is to provide the NPSH for the high pressure turbop-

ump. The boost turbopump speed is predicted on a 30,000 suction specific speed and its head rise

on the high pressure turbopump NPSH requirements, Table 3.4.1-2.
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Boostturbopumppoweris suppliedby afourstagehydraulicturbineall

cardedonacommonshaft,Figure3.4.1-2.Fourstageswereselectedasaway to increasethe

turbinespecificspeedof a low power,highavailableheaddesignwitha light weight(small
diameter)turbine.

Hydraulicpowerfor theturbineisprovidedby designingtheinducerof the

high pressure turbopump for 30% additional flow. The inducer has sufficient head rise to meet the

need of the boost turbopump turbine. The increased 30% flow is stripped off the suction line

housing between the inducer and the centrifugal impeller, Figure 3.4.1-3. A half inch diameter

tube is sufficient to carry the flow.

The boost turbopump may be located close coupled and inline with the high

pressure turbopump or remotely as far away as the hydrogen tank. The choice of location may be

considered during the vehicle layout/weight study. A system start transient model should be able

to provide system characteristics that may impact the location choice.

Rolling contact ball bearings are used to carry the boost turbopump rotor

assembly. Axial thrust loads are reduced by labyrinth balance disks. Bearings are cooled by the

hydrogen flowing through them. Lubrication of ball/race interface is by the solid film teflon wiped

from the Armalon cage.

3.4.1.4.6 Hydrogen Turbopump Material Selections

The preliminary material selections are tabulated by component in

Table 3.4.1-5 for the hydrogen boost turbopump. The selection logic is driven in large part by

use of bearing sets with BG42 races and 440C balls, a proven combination for hydrogen sub-

merged beatings. The beating cage is reinforced "teflon" CArmalon") a proven boundary lubricant

supplier. The shaft and beating housing selection is a titanium alloy used to obtain a lightweight

material of similar coefficient of expansion to BG42/440C. Hydrogen embrittlement should not be

a problem as exposure to hydrogen is mostly at -400°F temperatures. Aluminum alloys will be

used for the pump impeller and housing castings. The low inducer/impeller tip speed of 200

feet/second and modest housing pressure permit the low stress capability of aluminum to be uti-

lized.

The high pressure hydrogen turbopump material selections are noted on

Table 3.4.1-6. They consist of titanium alloys for the cold hydrogen areas and A-286 for the hot

turbine parts. Titanium high strength/weight ratio property at liquid hydrogen temperatures are

97



TABLE 3.4.1-5

OTV BOOST TURBOPUMP

PRELIMINARY DESIGN MATERIAL SELECTION LIST BY

COMPONENT FOR HYDROGEN SERVICE

Component

Housings

Inducer - Impeller

Turbine Rotor - Shaft

Turbine Stator - Shroud

Rolling Contact Bearing

Bearing Separator

Bearing Housing

Material

Aluminum

Aluminum

Titanium

Titanium

BG42 Race/440C Ball

Armalon

Titanium

TABLE 3.4.!-6

OTV HIGH PRESSURE TURBOPUMP

PRELIMINARY DESIGN MATERIAL SELECTION LIST BY

COMPONENT FOR HYDROGEN SERVICE

Component

Housings

Inducer - Impeller

Hydrostatic Bearing

Interstage Seal

Turbine Housing/Nozzle

Turbine Rotor - Shaft

Shaft Tie Bolt

Material

Titanium

Titanium

Titanium

Bronze

A-286

A-286

A-286

RPT_I t J-T
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required to meet the 1700 feet/second pump rotor tip speed stress requirements. To keep bearing

and bearing housing linear expansion coefficientts the same, these parts will also be titanium alloy.

The high temperature/high stress turbine parts are to be A-286, a good high strength-high tempera-

ture alloy that is compatible with hydrogen. The shaft tie bolt will utilize A-286 for its high

strength at liquid hydrogen temperatures while maintaining its ductility. The higher linear expan-

sion coefficient of A-286 relative to titanium alloy will provide additional bolt loading when cooled

to liquid hydrogen temperature.

Hydrostatic bearing interface material selection will require backup materi-

als to safeguard against a bearing wear problem.

Alternate material pairs are therefore noted in Table 3.4.1-7 for the hydro-

gen beating interface surfaces. They have characteristics and/or empirical wear data that suggest

they may have good wear resistance when rubbed in a liquid hydrogen environment.

3.4.1.4.7 Hydrogen Turbopump Design Conclusions

The hydrogen turbopump pumping system design philosophy for the pro-

posed engine preliminary design is summarized as follows:

1) The 1987 updated goals/requirements led to the decision to design two

turbopumps working in series in order to reduce the weight of the turbomachinery. The first pump

will boost the pressure sufficiently to prevent the high pressure turbopump from being speed lim-

ited by suction specific speed. The combined weight of the boost and high pressure turbopumps

are lighter than a single low speed machine.

2) Subcritical shaft operating speed over the full pressure-flow require-

ments is necessary to achieve the 10 to l thrust throttling ratio. A subcritical design will permit

constant speed operation at any pressure-flow condition that the engine may be called to operate at

. without producing shaft motions that result in rotor assembly rubs.

3) The high reliability of 0.9997 at 90% confidence level requires the use

of fluid film bearings to avoid the limitation of rolling contact bearing fatigue life and cage wear.

4) The bearing loads and stiffness requirements at design specific speed

and off design specific speed require the use of hydrostatic beatings to avoid impeller and turbine

rotor rubs.
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FUEL TURBOPUMP
ALTERNATE BEARING MATERIAL OPTIONS

Rotating Member

Titanium

Molydisulfide (Microseal 200-1)*

Electrolize Chrome/Titanium

Tiodize/Titanium

Bearing

Silver Plate/Titanium
Gold Plate/Titanium

Molydisulfide (Microseal 200-1)
Titanium
Tiodize/Titanium

Molydisulfide/Silver Plate/
Titanium
Titanium

440-C (BG42)
Leaded Bronze

Carbon/Graphite
Silicon Carbide
Stellite 6B

* Molydisulfide (Microseal 200-1) is a solid film lubricant which is applied by a spraying
process and subsequently cured to assure adhesion.
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5) Theclosebearingoperatingclearancesof 0.00003to 0.00005inch

will requiretheapplicationof selfaligningandaxialadjustingbearingsystemsto accommodatetol-
eranceandthermalgrowthdifferentials.

3.4.2 Oxygen Turb0pump Assemblies

The oxygen pressurizing system consists of a low pressure boost turbopump

followed by a high pressure turbopump, Figure 3.4.1-1. The boost turbopump, Figure 3.4.2-1,

consists of a single stage pump driven by a four stage hydraulic turbine on a common shaft. The

rotor assembly is carded by a set of ball bearings which are cooled by the pumped liquid oxygen.

Labyrinth seals are used to maintain pressure differential between turbine-bearing-pump cavities.

Limited leakage is permissible as the liquid oxygen flows in all components. The boost turbopump

is estimated to weight 6 pounds.

The high pressure oxygen turbopump consists of a two stage centrifugal pump

with first stage inducer driven by a single stage turbine. The single shaft rotor assembly is carried

on axially compensated hydrostatic spherical bearings flowing liquid oxygen. Bearing flow is

supplied by the high pressure pump stage, Figure 3.4.2-2. Estimated weight is 9 pounds.

3.4.2.1 Oxygen Turbopump Design Criteria

Oxygen turbopump design operating conditions are also dictated by the OTV

engine interface requirements, Table 2-1 and calculated engine parameters. The resulting engine

flow rates and pressures, tabulated in Table 3.4.2-1, are the basis for the oxygen turbopump

design extreme operating conditions. The basic through flow rates and pump discharge pressures

result from engine requirements (see power balance, Section 3.1). Suction pressure and tempera-

ture are based on engine interface requirements. Turbine flow rate and pressure ratio result from

the available turbine inlet pressure and temperature dictated by the thrust chamber oxygen cooling

system heating and pressure drop characteristics.

The oxygen turbomachinery speed is also controlled by the specified engine

interface requirements. The specified minimum NPSH of 2 feet requires the first pump to be lim-

ited to 6200 rpm. A dual turbopump system is therefore baselined for the oxygen pumping system

for the same reasons as the hydrogen system. The design extreme operating performance is sum-

marized in Table 3.4.2-1.
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TABLE 3.4.2-I

PRELIMINARY DESIGN SPECIFICATION SHEET
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3.4.2.2 Oxygen Turbopump Performance Models

The performance models used for the oxygen turbopump components are the

same as used for the hydrogen turbopumps. See paragraph 3.4.1.2 for comments.

3.4.2.3 Oxygen Turbopump Trade Study

The efficiency-diameter-tip speed trade study yielded the optimum efficiency

at 110,000 rpm for the high pressure turbopump employing two pump stages. Pump impeller

diameters at this speed are 1.25 inches over all. Although this small size presents no performance

problem in itself (rotor Reynolds Number >30 x 106) the bearing running clearances are getting

very small. Manufacturing cost due to small tolerances does become a factor when making turbo-

machinery with 1 inch rotors and smaller. A design speed of 70,000 rpm is therefore selected for

the proposed design. It yields an impeller just under 2 inch diameter that has only a 4 percentage

point lower efficiency than the 1.25 inch diameter design. The 70,000 rpm design speed is there-

fore believed to be a good compromise between performance and practical manufacturing cost and

fabrication difficulty.

The possibility of some commonality between the fuel and oxidizer turbop-

ump assemblies is possible. One spool of two pump stages and a single stage turbine are very

close in physical size and stage specific speed to one of the two spools of the hydrogen turbopump

assembly. Although material selection, fits/clearances effected by temperature and turbine nozzle

area can be different between oxygen and hydrogen turbopumps, most parts can be geometrically

the same and, indeed, the same size. This should be investigated on the next design point analysis

cycle for its potential reduction in design and fabricating costs.

3.4.2.4 Oxygen Turbopump Design Considerations

The following section comments on the design considerations that are different from the hydrogen

turbomachinery. Otherwise the oxygen turbomachinery is designed to the same criteria as the

hydrogen turbopump.

3.4.2.4.1 Reliability

The oxygen turbopump shaft requires a 20 mm bore ball bearing. The

centrifugal ball load force at 70,000 rpm is about 12 times the rated oil lubricated fatigue life load.

Oxygen bearing experience has demonstrated 1 million DN (mm x rpm) for 15 hours, about 70%

of the DN value required. Bearing reliability requirements of 0.99999 at 90% confidence level for
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4 hoursservicelife (20hourdesignlife) alsorequirethattheoxygenhighpressureturbopump

employhydrostaticbearingsto avoidfatigueandwearlife limitationsof rollingcontactbearings.

Thereis thepotentialof someweartakingplaceasaresultof thestart/shutdowntransientopera-
tion. Thedegreeof thiswearandmethodsof minimizingit will needtobedeterminedduringa

developmentprogram.

to beutilized.
Theboostturbopumpoperatingspeedswill permitrollingcontactbearing

3.4.2.4.2 OxygenTurbopumpBearings

Theprimarydesignselectedfor thisstudyis theaxiallycompensated

curvilinearbearingasshownin Figure3.4.2-2.Thecurrenthydrostaticallyselfaligningspherical

socketdesignof the3.5Kpoundthrustsizeorbit transfervehicleturbopump,Figure3.4.2-4,is

applicableto theproposed7.5Kpoundthrustengineoxygenturbopump,but theaxiallycompen-
satedcurvilinearhydrostatictypeproposedfor thehighpressurehydrogenturbopumpwill also

meettherequirements.Althoughits axialcompensationfeaturemaynotberequiredfor anoxygen

turbopump,it mayproveto belesscostlyto manufacture.Theselfaligningsphericalsocket

designdemonstratedin the3.5KpoundthrustOTV oxygenturbopumpcanbeconsideredasa

backupdesign.

3.4.2.4.3 OxygenTurbopumpShaft/BearingSystemCriticalSpeed

Thediscussionof thehydrogenhighpressureturbopumpalsoappliesto

theoxygenturbopump.SeeSection3.4.1.4.3.Theoxygenturbopumpwill utilizeonlyonespool

insteadof thetworequiredfor thehigherheadhydrogenpumps.

3.4.2.4.4 OxygenTurbopumpTurbine

Theoxygen high pressure turbopump turbine is a single stage full flow

axial flow type. As only a single two pump stage spool is required one turbine stage is sufficient.

Running rotor tip clearances can be kept to 0.002-0.003 inch which will minimize the losses usu-

ally occurring with small size machines. Operating performance for the extreme operating condi-

tions are tabulated on Table 3.4.2-1. The Specific Speed is 40 and Specific Diameter 1.6 yielding

an estimated efficiency of 63%.

Flow bypassed around the turbine to allow for speed control tolerance is

3.4%. Turbine gas flow velocity reaches a maximum of Mach number 0.96 at the inlet nozzle.
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3.4.2.4.5 OxygenTurbopumpPumps

The oxygen high pressure turbopump uses two pump stages on a single

shaft, Figure 3.4.2-2. The impellers are unshrouded backward centrifugals placed back to back to

balance axial thrust. The first stage pump utilizes an axial flow inducer to bring the suction pres-

sure up for the centrifugal stage and also provide hydraulic flow to the low pressure boost pump

turbine. The high pressure turbopump is able to run at 70,000 rpm with the lower speed, 6200

rpm, boost pump providing a modest 23 psi pressure boost. As the boost turbopump gets its

hydraulic power from the high pressure turbopump it will keep its speed ratio relative to the high

pressure turbopump and provide increasing high pressure turbopump suction pressure with

increasing speed. Modest thermodynamic suppression head was added to the NPSH for

calculating Suction Specific Speed numbers.

The boost turbopump, Figure 3.4.2-1 is a single stage centrifugal type with

its inducer integrated into a single hub rotor.

3.4.2.4.6 Oxygen Turbopump Material Selections

Materials selected for the boost and high pressure turbopumps are done

primarily on a materials oxygen compatibility basis. Mone1400 and K500 are utilized for the

impellers and housings, Tables 3.4.2-2 and 3.4.2-3. Nickel 200 is used in the lower strength

requirement parts that may sustain a rub. Exceptions are the ball bearings of the boost turbopump.

They are the conventional BG42/440C races and balls that employ Armalon glass reinforced cages.

Parts not contacting oxygen will use A-286 where high strength is required. Silver will be used

where parts are expected to rub: pump impeller blade tips and turbine blade tips.

3.4.2.4.7 Oxygen Turbopump Design Conclusions

The oxygen turbopump pumping system design philosophy for the pro-

posed engine preliminary design is summarized as follows:

1) The 1987 updated goals/requirements for a 7500 lbf thrust oxy-

gen/hydrogen engine led to the design of two turbopumps working in series in order to reduce the

total weight of the turbomachinery. The ftrst pump will boost the pressure sufficiently to avoid the

high pressure turbopump from being speed limited by Suction Specific Speed. The combined

weight of the boost turbopump and the high pressure turbopump are lighter than a single low speed

machine.
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TABLE 3.4.2-2

OTV BOOST TURBOPUMP

PRELIMINARY DESIGN MATERIAL SELECTION LIST BY
COMPONENT FOR OXYGEN SERVICE

Component

Housings

Inducer - Impeller

Rolling Contact Bearing

Bearing Separator

Bearing Housing

Turbine Stator Shroud

Turbine Rotor - Shaft

Material

Monel 400

Monel K-500

BG42 Race/440C Ball

Armalon

Nickel 200

Nickel 200*

Monel K-500

*Silver insert or plating at potential contact surfaces
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TABLE 3.4.2-3

OTV HIGH PRESSURE TURBOPUMP
PRELIMINARY DESIGN MATERIAL SELECTION LIST BY

COMPONENT FOR OXYGEN SERVICE

Component

Housings

Inducer - Impeller

Hydrostatic Bearings

Interstage Seal

Turbine Shaft Seal

Turbine Tip Seal

Turbine Housing/Nozzle

Turbine Rotor - Shaft

Shaft Tie Bolt

Material

Monel 400

Monel K-500

Monel K-500*

Nickel 200*

Nickel 200*

Nickel 200*

Monel 400

Monel K-500

Monel K-500 Coated

*Silver insert or plating at potential contact surfaces
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2) Subcritical shaft operating speed over the full pressure-flow require-

ments is necessary to achieve the 10 to 1 thrust throttling ratio. A subcritical design will permit

constant speed operation at any stable pressure/flow condition that the engine may be called upon

operate.

3) The high reliability of 0.9997 at 90% con-fidence level forced selection

of a hydrostatic bearing system as no rolling contact bearing system could meet the life require-

ments.

3.4.3 Valv_

This engine design requires eleven valves. Two more, the back pressure

valves, might also be needed if a LO2/GH2 Heat Exchanger (HEX) design can not effectively

handle the oxygen phase change in a predictable manner. Table 3.4.3-1 lists the valves, their

functions, and some information on environments and design. Single page specification sheets

with an envelope drawing are included in Appendix A.3 to present the information normally used

for an initial vendor survey for procurement or development at the start of a detail design program

with component verification testing.

The large number of valves is determined by the engine requirements for

throttling and tank head start. There are no redundant valves. Manrating requirements for multiple

valves are considered to be satisfied by additional propellant flow control valves upstream of the

main propellant shutoff valves and by a health monitoring system that will shutdown an engine

should a defective valve lead to a condition where the engine could be damaged. Proper

sequencing must be done by the controller using pre-established timing and sensor data. As this is

a closed loop system all electrically operated valves are assumed to have a circuit built-in that sig-

nals the valve is open, closed, or at a particular position if it is a proportioner valve. This signal is

used by the controller logic, the health monitor system, and will be part of the pilot display of

engine information.

3.4.3.1 Valve Trade Studies

Two trade studies were done in the valve selection process. The first was to

select the actuation methods for each valve. The second was to select a valve type using the

selected actuation method.
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Thegoalsof theactuationstudywereto 1)minimizeweight,2)minimize

powerconsumption,3) maximizereliability,4)maximizerepeatability(for servovalves),and

5) assuremaximumcontrollability.Only threeactuationmethodswereconsidered:pneumatic,
electrical,andhydraulic.Therewasabiasfor anall electricalactuationsystem,butthevalve

designerwasrequiredto giveafair evaluationof competingmethods.Thiswasdoneby

establishinga setof criteriaandevaluatingeachmethodwithin thecontextof theengineuseandthe

missionenvironment.This tradeis outlinedinTable3.4.3-2.Thereareactuationspecificcon-

cernsthat alsorequiredconsideration.TheyaresummarizedinTable3.4.3-3. Table3.4.3-4

givestheconclusionsof the trade study. Essentially an all electrically actuated valve ,_t is consid-

ered practical. The relatively slow actuation times needed for this engine versus the very fast times

common in storable propellant rocket engines allow for a lighter weight valve design that will be

weight competitive.

The second set of trades involved the selection of a specific valve type.

Table 3.4.3-5 is a summary of the trades for the main propellant shutoff valves. It was concluded

that both ball and blade type valves would be acceptable. The igniter and tank pressurization

valves are covered in Table 3.4.3-6. A conventional poppet type valve is acceptable. The more

complicated modulating valves used for engine control are evaluated in Table 3.4.3-7. A pintle

type valve is considered best for the OTV application. An example of a valve of this type is shown

in Figure 3.4.3-1. The design shown has two separate motors for complete electrical redundancy.

The structure between the motors is a device for measuring valve position. Note that it has an

electrical connection. Aerojet considers these valves to be excellent candidates for a development

program to reduce size, weight, and mechanical complexity.

One of the valves used in the start sequence and for low thrust operation is

the hydrogen idle valve. The trade on it is presented in Table 3.4.3-8. The high pressure sealing

demands for this valve led to the selection of a ball valve that would be spring loaded closed if

there were an electrical failure. The concern here was to assure that a normally operating engine

would not be shutdown by a power failure to this valve. It must be operational, however, during

start as it provides mixture ratio control until the turbine bypass valve becomes effective. A ver-

sion of this valve is shown in Figure 3.4.3-2.

Two valves can possibly be eliminated from the engine. They are the back-

pressure valves used to raise system internal pressure above two-phase conditions for the oxygen

conversion from low temperature liquid to high temperature gas. They function as high pressure

drop orifices that move to a low pressure drop "open" position automatically as system pressure
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Criterion

1.

o

3_

TABLE 3.4,3-2

VALVE ACTUATION TRADE STUDY CRITERIA

Complexity

A. Pneumatic

l) Relatively simple; can use high pressure stored He, or H2 gas
2) Requires vent system for H2 gas

3) Periodic servicing necessary with service parts/lines/gauges
4) Monitoring required of stored gas pressure

B. Electrical

1) Requires high amperage lines and controls for motor
2) Simple packaging

C. Hydraulic

l) Relatively compact but requires return system and heating and
circulation system for hydraulic fluid

2) Requires monitoring of fluid content
3) Fluid leak detection system required

Experience in Rocket Systems

A. Pneumatic

• Apollo, Delta

B. Electrical

• Transtage, Nerva, Apollo and OMS Actuator and He valves

C. Hydraulic

• Titan, Transtage, Delta

Contamination Sensitivity

A. Pneumatic

1) Seals susceptible to damage
2) Small orifices can become clogged
3) Dependent on cleanliness of service fluid
4) Requires some electrical control
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TABLE 3.4.3-2 (cont._

.

o

B. Electrical

1) Electrical section is sealed, problem free
2) Mechanical gearing could be jammed with contaminants
3) Contaminant caused short circuits

C. Hydraulic

1)
2)
3)

Seals susceptible to damage
Small orifices can become clogged
Breakdown in fluid can lead to gums, varnishes that stop

operation

Cycle Life

A. Pneumatic

1) Medium life due to dry system and lack of constant lubrication
2) Generally acceptable within OTV cycle life

B. Electrical

1) High life
2) Gear train wear and high speeds are limiting factors

C. Hydraulic

1) High life due to constant lubrication and warm operation
2) Contamination often limfts life

• o'

Storage Life

A. Pneumatic

1) No particular problem
2) Limited by O-rings and seals
3) May require periodic stored gas servicing

B. Electrical

1) Longest storage life
2) Contact corrosion a concern with some designs
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Criterion
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TABLE 3.4.3-2 (cont.)

C.

1)
2)

Response

A.

B°

Hydraulic

No particular problem
Limited by O-rings and seals

Pneumatic

1) Compressible fluid may cause actuation lag
2) Erratic operation at low pressures

Electrical

1) Motor inertia must be overcome

2) Slower response at lower voltages
3) Response/weight tradeoff for most designs

C. Hydraulic

1) Incompressible fluid offers rapid response and best repeatability
2) Changes in pressure drop can change response time

Power Requirement

A. Pneumatic

1) Power required for pilot valves and servo valves only
2) Some heating power

B. Electrical

1) Power required for motors is generally not excessive
2) Wattage considered acceptable
3) Some heating power

C. Hydraulic

1) Power required for pilot valves, servo valves, heating system,
and recirculating system. Constant current draw highest of the
actuation methods
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Table 3.4.3-2 (cont.)

Criterion

8. Adaptability

A. Pneumatic

1) Wattage requirements acceptable at voltage
2) Regular servicing required

B. Electrical

1) Requires low voltage supply - generally available

C. Hydraulic

1) Requires hydraulic and low voltage supplies - hydraulic supply
requires additional equipment

2) Leaking fluid may pose a hazard
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TABLE 3.4.3-3

VALVE ACTUATION METHODS CONCERNS

Concerns - Pneumatic

• Requires periodic servicing and gas pressure monitor system

• Poor lubricity

• Low bulk modulus, high compressibility (although relatively independent

of temperature)

• Response time varies with number of cycles (gas source pressure decay)

• System is susceptible to leakage

• Cycle rate limited by supply volume

• Conclusion - conditionally acceptable for on-off type valves but not for

modulating valves due to the continuous flow capacity needed for a dual-

acting piston coupled with the compressibility of the gas - GH2

unacceptable due to safety concerns

Concerns - Hydraulic

• Need for a separate pressure source (i.e., pump)

• Thermal considerations regarding hydraulic fluid freezing in absence of

heating system

• Propellant compatibility in case of leakage

• Valve response changes as a result of fluid temperature changes

- Viscosity may change by a factor of 20,000 over temperature extremes

of space

- Range for organic fluids is -65°F to 900°F

- Possible temperature buildup in a recirculating fluid

- Bulk modulus varies greatly with temperature

Concerns - Electromechanical

• Larger, heavier valve than pneumatic or hydraulic

• Actuation time variation with temperature, voltage

• Electric power availability not defined for OTV

• Cycle life depends on geartrain configuration

• Conclusion - electromechanical actuation is acceptable
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TABLE 3.4.3-4

VALVE ACTUATION TRADE STUDY SUMMARY

Electrically actuated valves are acceptable for all engine requirements

Valve development required for turbine bypass valve

No vendor catalog items meet requirements

Temperature and pressure range concern

Oxygen compatibility

Good payoff for valve miniaturization, weight reduction

Sensors should and can be designed into valves

Some thermal conditioning will be required

Angle Poppet

Coaxial Poppet

Sleeve

Gate

Ball

Blade

Butterfly

TABLE 3.4.3-5

SHUT-OFF VALVES - TYPE SELECTION

- Unacceptable - Too heavy and bulky in sizes over

2 inches, high pressure drop

- Unacceptable - Internal actuation complicates

design

- Unacceptable - Poor sealing properties, excessive

leakage at sleeve seals

Unacceptable A lot of commercial experience,

but not on rocket engines, too

heavy, requires long stroke, high

degree of design experience, low
Ap

Acceptable - Design cycle life is limited due to

seal rubbing

Acceptable Simple design, lightweight, low AP,

design limited seal life due to seal

rubbing is minimized due to low

pressure application, little design

experience

Unacceptable Simple design, high degree of

design experience, low AP, may
have poor low temp. sealing and

cycle life concerns
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TABLE 3.4.3-6

IGNITER AND TANK PRESSURIZATION VALVES - TYPE SELECTION

• Ball - Unacceptable

• Butterfly - Unacceptable

• Coaxial Poppet - Unacceptable

• Gate - Unacceptable

• Sleeve - Unacceptable

• Poppet - Acceptable

- To heavy and bulky for small line

sizes, slow response

- Too heavy and bulky for small line
sizes, slow response, questionable
sealing

- Internal actuation complicates
design

- Too heavy and bulky for small line
sizes, slow response

- Poor sealing properties

- Tight shut-off, fast response, long
seal life, simple design, design
experience level is high

TABLE 3.4.3-7

MODULATING BYPASS VALVE SELECTION

Fuel and Ox Turbine Bypass
Heat Exchanger Bypass
Fuel Regen Bypass

Ball - Unacceptable

Butterfly - Unacceptable

Gate

Pintle

- Unaccedptable

- Acceptable

Main Problem Areas -

• Cryogenic effects on the Actuator
• Physically large size

Poor throttleability due to seal
damage with partially open high
velocity flow

Difficult to throttle at high pres-

sures, torque reversals during
valve travel, high power require-
ments

Poor throttleability rapid seat
erosion in near closed position

Good throttling characteristics,
precise control thru pintle shaping,
low power due to balanced pintle,
fast response due to short stroke,
simple design concept
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TABLE 3.4.3-8

MODULATING HYDROGEN IDLE VALVE - TYPE SELECTION

Butterfly - Unacceptable To large and bulky for small line

sizes, unacceptable throttling char-

acteristics, lip seal wear may be

minimized due to low velocity
flow

• Gate - Unacceptable - Design experience level is low

Poppet - Acceptable Good throttling characteristics,

precise control through poppet

shaping, low power, fast response,

easiest to design for fail-to-closed

Ball Most Acceptable Has acceptable throttling and wear

characteristics due to low velocity
flow and non-continuous opera-
tion, lowest AP
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increasesabove 500 psia. If a LOX/GH2 heat exchanger (HEX) can accommodate the phase

change without system fluctuations and film boiling inefficiencies the two valves can be removed.

Such a design is possible, but until it is confirmed as troublefr_ the back pressure valves insure a

smooth phase change. The trade study for these valves is given in Table 3.4.3-9. A poppet type

valve with a spring preload to the high pressure drop position was selected. The back side of the

valve is vented to a lower pressure portion of the system or, possibly, to vacuum. When the line

pressure overcomes the spring pressure the valve moves to fully open. It is shown in

Figure 3.4.3-3. At no time is the valve fully closed; there is always some flow thorugh the ori-

riced area. It is also fully automatic with no electrical actuation required.

3.4.3.2 Valve Materials Selection

The criteria used for valve materials selection are:

• Non-reactive with oxygen (oxygen circuit)

• No hydrogen embrittlement (hydrogen circuit)

• Acceptable properties over the temperature range

• Ease of fabrication

• Mechanical properties

• Strength/weight ratio

• Dissimilar metals compatibility

The results of the materials selection are given in Table 3.4.3-10. As

expected there is a heavy emphasis on materials compatible with the propellants. This list is sub-

ject to change as further work is done in the oxygen/materials compatibility area. An emphasis on

weight reduction could also influence some of the selections.

3.4.4 Hydrogen Regenerator

A regenerator is a device that takes waste heat from an exiting stream in a sys-

tem and transfers it to an entering stream where it can do useful work. Such devices usually add to

the overall thermal efficiency of a system where heat is lost in an exiting stream. In a rocket engine

where the production of high temperature, high pressure gases is the objective, the use of a regen-

erator is required only as a means of overcoming the bulk temperature rise of propellants at



TABLE 3.4.3-9

BACKPRESSURE VALVES, TYPE SELECTION

Ball - Unacceptable - Non-adaptable to line pressure
actuation

Gate - Unacceptable - Non-adaptable to line pressure
actuation

Buttefly - Unacceptable Susceptible to valve chatter

resulting from dynamic flow
oscillations

Poppet - Acceptable High level of design experience,
minimal response time, simple

concept, low AP, adaptable to pres-

sure balance operation
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operating points below full thrust. With a regenerator the chamber can be physically smaller, thus

reducing coolant hydrogen transit time and heat pickup during throttle down operation. Above

5600 lbf thrust the OTV engine needs more thermal energy than is available in thrust chamber and

baffles. The regenerator bypass valve closes and hot turbine exit hydrogen is counterflowed with

cold hydrogen from the pump. The thermal pickup is sufficient to raise the thrust to 7500 lbf

before the hydrogen entering the regenerator is so hot that the chamber throat temperature

approaches a structural,limit.

3.4.4.1 Regenerator Design Concept

Aerojet has extended the platelet technology used for rocket engine injectors

to applications where the small, intricate passageways possible with platelets are now used in a

variety of heat exchanger applications. The result is a very compact heat exchanger of unusual

shape and capable of very high heat transfer coefficients. An example of a recent design is given

as Figure 3.4.4-1. This is a hydrogen regenerator used in the XLR-134 engine. The figure

shows two flow circuits superimposed so that the channel interleaving and manifolds are evident.

For hydrogen as a working fluid a zirconium copper or NASA-Z copper platelet structure is opti-

mum. The platelets, which are thin plates with flow channels photoetched through the plate thick-

ness, are assembled as a sandwich with thicker cover plates serving to closeout the top and bottom

of the stack. The stack is held in place by guide pins until the assembly is diffusion bonded to

form a completed unit. A leak check confn-ms that bonds were successful. In general, a bond joint

should have the same strength as the parent metal.

3.4.4.2 Regenerator Design Discussion

Design objectives were to:

• Select a material that minimizes core weight and volume.

Meet thermal performance criteria at the extreme engine operating

points.

Define an optimum channel geomet_ and length to meet the thermal per-

formance criteria.

• Estimate weight and determine operating limits.
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Basic design criteria are listed in Table 3.4.4-1. Design conditions are given

in Figure 3.4.4-2 along with a simplified circuit diagram. The wall thickness and land width cal-

culations were based on preliminary stress calculations assuming material properties as follows:

ZrCu @ T = 800°F Yield Strength = 8000 psi

Inconel 625 @ 800°F Yield Strength = 42,000 psia

The regenerator weight and volume calculations are corrected by 15% to include mounting

brackets, inlet-outlet weldable stubs and instrumentation. There is a design concept where the

bypass valve would be a bolt on to the heat exchanger structure allowing a simple valve changeout

without cutting any lines or opening a flange.

The regenerator design methodology is given in Figure 3.4.4-3. This

methodology is used in the Aerojet computer code HEXSS.

Description of HEXSS

Both sizing and performance calculations for counterflow platelet heat

exchangers are made with an Aerojet developed computer code. The code uses an iterative tech-

nique to solve the steady state energy and momentum equations for the cooled and heated fluid

streams. Details of platelet geometry are accounted for in the evaluation of the overall conductance

between the streams and in the determination of the core weight. Overall conductance is evaluated

with knowledge of the fluid heat transfer film coefficients and a conductive fin/resistor network to

model wall resistance.

In sizing calculations, parametric studies are conducted in which channel

geometry, number of channels and channel length are systematically varied to establish a design.

A design is established which meets all thermal/hydraulic requirements, while minimizing core

weight and remaining within reasonably fabricable limits. The primary thermal/hydraulic require-

ments to be met are heat load, pressure drop and Mach number.

Once a design is established, off design performance of the heat exchanger is

predicted by specifying inlet conditions while holding the geometry constant. An algorithm

describing the sequence of operations followed in HEXSS when used in the performance predic-

tion mode is as follows:
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TABLE 3.4.4-1

REGENERATOR DESIGN CRITERIA

Operating Condition: Chamber Pressure = 2300 psia, Mixture Ratio = 7

Total Heat Transfer Rate

Hot Hydrogen Bypass

Minimum Cold Hydrogen Exit Temperature

Maximum Cold Hydrogen Exit Temperature

Maximum Cold Hydrogen Pressure Drop

Maximum Channel Mach Number

1108 Btu/sec

25%

250°R

<400°R

50 psid

0,3
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For Operating Condition Pc -- 2300 psla MR = 7

(_old H 2 Inlet
m = 2.3 Ibm/sec
T = 120OR
P = 5589 psla

25%

Bypass

: .575 Ibm/sec

Warm H2 Outlet
T -- 250OR
P >_5539 psla

v

To Regen
Chamber
Inlet

To HEX

Hot H2 Outlet
T = 471OR
P _>2530 psle

Hot H2 Inlet
m = 1.725 Ibm/sec
T = 6510R
P = 2580 psla

mTOT = 2.3 Ib/sec

From H2 Turbine

Figure 3.4.4-2 Regenerator Design Conditions
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Vary # Channels

Fix Hot H2 Channel Depth /Fix Channel Width

Fix Cold H2 Channel Depth /

Select # Channels /

4,
Select Core Length

No Is Cold H2 Outlet

Temp 2 250eR

Yes

Is Cold H2 Outlet

p ;¢ 5539 psla

No

CONDUCT PARAMETRC
STUDY OF COLD 1t2
CHANNEL DEPTH : 0.02INCH

0.03 INCH

_ 0.04 INCH

DETERMINE WHICH COLD H2
CHANNEL DEPTH RESULTS
IN MINIMUM CORE MASS AND VOLUME

Figure 3.4.4-3 Regenerator Design Methodology
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1. Input channel geometry and fluid inlet conditions.

the inlet to exit.

2. Assume an initial distribution for hot gas/wall interface temperature from

3. Assume an initial distribution for hot gas bulk temperature and pressure

from the inlet to exit.

4. Determine the axial distribution for the hot gas film coefficient using an

appropriate correlation and the assumed bulk and hot gas/wall interface temperature distribution.

5. Begin calculations for cold gas side at the cold gas inlet.

6. Make an assumption for the temperature of the cold gas/wall interface

temperature at the inlet.

7. Determine the cold gas film temperature at the current node based on

bulk temperature and the assumed cold gas interface temperature.

8. Determine the cold gas film coefficient using an appropriate correlation

and the current node film and bulk temperatures.

9. Determine the conductivity of the wall material at the average of the hot

and cold gas wall/interface temperatures.

10. Calculate the overall heat transfer coefficient for the current node using

the hot and cold gas film coefficients and evaluating the conductive resistance of the wall with a

fin/resistor network.

11. Evaluate average heat flux for the node utilizing the overall heat transfer

coefficient and the bulk temperature difference between the hot and cold gas.

12. Calculate hot and cold gas/wall interface temperature corresponding to

overall heat flux, bulk temperature and f'dm coefficient.

13. Check to see if calculated gas/wall interface temperatures agree with

those assumed in determination of wall conductivity and cold gas film coefficient.

136



14. If interfacetemperaturesarenot inagreementupdateassumedwall

temperaturewitha weightedaverageof calculatedandassumedvalues;go to step7.

15. Utilizingcorrectoverallconductancefor currentnodedeterminethe

amountof heattransferredto thecoldstreamasit flows throughthenode.

16. Evaluatethecold streamtemperaturein thenodedownstreamfrom the
currentnodeknowingtheincreaseinenthalpycorrespondingto theheattransferred.

17. Evaluatethepressuredropthroughthecurrentnodeandthepressurein
thedownstreamnode.

18. l.fthedownstreamnodeisatthecoldgasexit thenstartrecalculatinghot

gas temperature and pressure distribution, else downstream node becomes the current node and go

to step 7.

19. Calculate hot gas film temperature at hot gas inlet, where hot gas temp-

erature and pressure are known; previously calculated cold gas temperature, pressure and gas/wall

interface temperatures are assumed correct.

20. Determine hot gas film coefficient for current node utilizing f'tlm and

bulk temperature and an appropriate correlation.

21. Evaluate overall conductance and heat transferred from hot gas in cur-

rent node using known bulk temperature difference, heat transfer coefficients and material conduc-

tivity.

22. Calculate hot gas bulk temperature in next node downstream corre-

sponding to enthalpy drop through current node.

23. Determine pressure drop through current node and pressure in next node

downstream.

24. If downstream node does not lie at hot gas exit then downstream node

becomes the current node; go to step 20.

25. Check to see if previously assumed film and bulk temperature distribu-

tions for hot gas are in agreement with the newly calculated values.
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26. If film and bulk temperature distributions have not converged then

update hot gas bulk temperature distribution by forcing the heat added to the cold gas between a

given node and the exit to be equal to the heat removed from the hot gas between the same axial

locations. Go to step 4.

27. If bulk and film temperature distributions agree then calculate the total

heat transferred to the cold stream and from the hot stream via the change in enthalpy between the

inlet and exits.

28. If total heat transfer rates do not agree to within a specified amount then

update hot gas bulk temperature as in step 26 and go to step 4.

29. Solution has been completed and fluid conditions throughout heat

exchanger and other design information are written to output files.

Mechanical design consists of establishing the platelet patterns which, when

stacked, will give the design configuration. An example is shown in Figure 3.4.4-4. Note that

some platelets are through etched and some are only partially etched. This allows all channels in

counterflowing streams to be separated by parent metal, not by a bonded surface. Leak paths will

be to adjacent channels of the same stream, not to the counterflowing stream, if a diffusion bond is

defective.

The HEXSS was run for both zirconium copper and Inconel 625. Results

are given in Figures 3.4.4-5 and 3.4.4-6. The channel cross-section is shown in the upper left of

the figures and the core length is available as curves with cold hydrogen outlet temperature and

cold hydrogen outlet pressure as the ordinate. The core length of 3 inches in copper and 6.7 inches

in Inconel is a reflection of the metal's thermal conductivities. This difference strongly favors a

design in copper. The temperature approach (AT) for the counterflowing streams is given in

Figure 3.4.4-7. The linear temperature plots show the uniform heat transfer properties of the

platelet heat exchanger design.

With the zirconium copper selected for the regenerator, a further iteration was

done to predict the bypass valve operating characteristic curve. This is presented in

Figure 3.4.4-8. It shows the temperature to be very nearly a direct function of the amount

bypassed which should simplify the valve design.
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# Channels
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Cold H2 378 2.3
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Figure 3.4.4-5 Regenerator Parametric Study Results
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INCONEL 625

_..056"..L .03" _J
"1" "1
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rn Tin Toul Pin Poul
# Channels
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Hot H2 540 1.725 651 472 2580 2562
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258

256

240 -

238 -

\
\

\
T Design

\
\
\

P Design

I I I t t t i ! I

6.0 6.2 6.4 6.6 6.8 7.0 7.2 7.4 7.6

REGENERATOR CORE LENGTH, (IN)

_ 5554

_ 5552

5550 -,--
t,,#'l

v

5548 d

5546 m

- 5544

L_
...J

- 5542
O

- 5540 _-

..J

5538 o

- 5536

5534

CONSTANT CHANNEL GEOMETRY AND TOTAL NUMBER OF CHANNELS

VARYING REGENERATOR CORE LENGTH

* FOR PRELIMINARY REFERENCE ONLY - HEAl EXCHANGER MODEL MODIFICATION

IN PROGRESS TO ACCOHODATE INCONEL 625

Figure 3.4.4-6 Regenerator Preliminary Parametric Results

141



0
_c

C

o_

r_

2.5'

m

1.5-

0.5

I.

\

1O0 200 300 400 500 600

Bulk Temperature, "R

\
\
t
I

\
t

\
!

70O

Legend

Hot H2

Cold H2
• o6_uH •u,• oiH_

Figure 3.4.4-70TV Regenerator Fluid Temperatures

Counter Flow Configuration

142



ZrCu Pc=2300psia, MR=7
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Figure 3.4.4-8 Regenerator Bypass Valve Operation
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3.4.4.3 Design Summary

The parameters for the regenerator design are given in Figure 3.4.4-9.

Results are summarized in Table 3.4.4- 2. Note that the core mass is only 3.5 Ibm with a com-

pleted design weight of 4.1 Ibm. This is a very effective component considering that it allows a

thrust chamber with a thermal design established for 4600 lbf of thrust to operate at 7500 lbf of

thrust using hydrogen turbine waste heat.

3.4.5 Liquid Oxygen/Gaseous Hydrogen Heat Exchanger Design

The LO2/GH2 heat exchanger (HEX) is a component necessary for the dual

expander cycle. Warm (400°F) oxygen is needed for the turbine of the oxygen turbopump.

Heating is done in two stages: 1) in the HEX where approximately two thirds of the enthalpy

change occurs, and 2) in the oxygen cooled nozzle where the balance of the heating occurs. The

basic temperature control is done by the HEX bypass valve operating in a closed loop using the

temperature at the oxygen turbine inlet for a reference. The flow path for the regenerator and HEX

circuits is shown in Figure 3.4.5-1. The hot hydrogen from the TPA turbine outlet flows in series

from the HEX through the regenerator and then to the injector. A subsidiary benefit of this design

is that the hydrogen entering the injector is relatively coo! and dense allowing for a more compact

injector design.

3.4.5.1 HEX Design Discussion

The objectives for the HEX design were to:

• Determine channel geometry

• Determine HEX weight and dimensions

• Determine a design solution for the oxygen phase change

Two cases were considered for separate design consideration: the supercritical oxygen property

range, and the two phase oxygen property range. The supercritical case was readily solved. The

two phase case was not solvable within the hour allocation for the task. This was not an unex-

pected result as the NASA LeRC had funded two HEX development programs for the RL-10

engine, and the first was unsuccessful. The second used an unusual heat exchanger flow circuit

with a very small AT in the region where the phase change takes place. This controlled the
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propensityof oxygento enterafilm boilingregimeathighheatfluxes. It did addtotheheattrans-
fer areaandincreasedtheweightof thedesign.TheAerojetintentwasto keepto minimumsize

andweight in thedesign.Theoptionsthatwereexploredwere:

• Decrease the heat flux by using a low conductivity material for the heat

exchanger.

• Accept film boiling but negate its effects by using an induced turbulence

mixing technique.

The monel metals were considered for HEX material but did not solve the

film boiling condition and the HEXSS computer program could not run with the great variation in

oxygen thermodynamic properties in the two phase region. The oxygen inlet condition at a cham-

ber pressure of 200 psia is shown on Figure 3.4.5-2 along with the desired oxygen exit condition

from the HEX. The oxygen enthalpy change through the system occurs as it traverses the two

phase "dome" region. Properties in this region are highly variable and may be impossible to model

as a liquid to gas phase change is a chaotic process at non-equilibrium conditions. A less than ideal

solution is to raise the system pressure above the critical point. This is proposed as the function of

the back pressure valve used in the oxygen circuit. A similar valve in the hydrogen circuit is used

to balance the pressure between the two circuits; there is no corresponding problem in the hydro-

gen phase change. A more elegant solution would be to design the HEX so that it handles the

phase change.

Figure 3.4.5-3 illustrates the film boiling condition as a problem for the

design code. Homogeneous flow is easily modeled, but in film boiling the heat transfer surfaces

"see" only a vapor film with the saturated liquid confined to a flow path in the center of the chan-

nel. At high fluid velocities the liquid can pass fight through the heat exchanger without picking up

the necessary heat of vaporization. Effectively, film boiling lowers the heat transfer coefficient. A

potential design solution for a platelet heat exchanger is shown in Figure 3.4.5-4. The oxygen

channel geometry is modified to force turbulent mixing of the fluid. This could break up the

entrained saturated liquid slugs and improve the heat transfer. Another channel configuration

would incorporate in-channel fins of an aerodynamic shape that would generate tip vortexes. The

resulting vortexes could be very effective turbulent mixers. This concept would be explored in any

detail design phase for a HEX.

The design methodology for the HEX is given in Figure 3.4.5- 5. The

HEXSS code was adapted to run this program logic. The materials properties input was based on
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/
/
/

/

Fix Hot H2 Channel Depth
Fix Channel Width

4,
Fix Cold 02 Channel Depth

Select # Channels

Select Core Length,

Vary # Channels

/
/
/

No Is Cold 02 Outlet

Temp :> 547°R

Yes

Is Cold 02 Outlet

p > 5037 psia

No

CONDUCT PARAMETRC
STUDY OF COLD 02
CHANNEL DEPTH :

DETERMINE WHICH COLD 02
CHANNEL DEPTH RESULTS
IN MINIMUM CORE MASS AND VOLUME

0.02 INCH
0.03 INCH
0.04 INCH

Figure 3.4.5-5 Supercritical 0 2 Case HEX Design Methodology
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zirconitnn copper at 900°F as worst case. Design conditions are presented in Figure 3.4.5-6.

This is a worst case condition based on engine ovcrthrust operation to 2300 psia at MR = 7. The

02 outlet temperature was based on a predicted enthalpy change in the oxygen cooled nozzle. With

that heat addition the oxygen would enter the TPA turbine at 400°F.

The supercritical case parametric study yielded results summarized on

Figure 3.4.5-7. Note that channel geometry is given in the upper left of the figure. The HEX

design point yielded a core length of 11.6 inches. This reflects the poor heat transfer characteris-

tics of oxygen compared to hydrogen and also the greater temperature change as compared to the

regenerator.

The two phase design conditions are summarized in Figure 3.4.5-8. A con-

fu'mation that the supercritical design would also meet the two phase design conditions was beyond

the scope of this task. It was evident that the HEXSS code would require substantial modification

to handle this condition.

3.4.5.3 Design Results

The supercritical case results are presented in Figure 3.4.5-9. Note that core

mass is 16.6 Ibm with a finished weight estimate of 19.1 Ibm. The construction material is zirco-

nium copper. The assumption is that this supercritical design can handle the two phase flow con-

dition with some additional work in devising a high mixing rate channel configuration. Physically

the HEX is still a small component and was readily packaged in the component layout work.

3.4.6 Oxygen Cooled Nozzle Dc',;ign

The section of nozzle from the oxygen inlet manifold at area ratio 35 to the

envelope limit of 60 inches must be regeneratively cooled. The cooling requirement is also an

opportunity to add some heat to the oxygen and reduce the size of the LO2/GH2 heat exchanger

(HEX). Initial calculations show that one third of the necessary enthalpy change for the oxygen

stream can be acquired in cooling the nozzle. Also, the heat transfer rates are well within the

cooling capability of oxygen. In addition there may actually be some weight savings as the oxygen

operates at a lower pressure than would a hydrogen coolant and the structure can be designed with

thinner walls.
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ZrCu Pc = 2300 psia, MR = 7

1-12 I I
02

t .036"

# Channels r_ Tin Tout
(Ib/sec) (. R) (*R)

Cold 02 414 16.2 202 547

Hot H2 414 1.725 905 568

Pin Pout
(psia) (psia)

5247 5052

2680 2610

Core mass ,,. 16.6 Ib, Core volume - 71.5 in3 Core length = 11.6 in

5056
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Figure 3.4.5-7 HEX Parametric Study
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3.4.6.1 Cooled Nozzle Design Concepts

The nozzle envelope dimensions are given in Figure 3.4.6-1. The oxygen

inlet in all concepts is at an area ratio of 35. This inlet manifold is assumed to be integral with or

welded to the hydrogen inlet manifold. No resources were available for an in-depth design of the

manifolds. The hydrogen enters at a nominal area ratio of 28. Since the two streams must be

physically separate the manifold design has to assure good heat transfer at the manifold but safe

separation of the two streams. For the oxygen flow beyond the manifold several options are avail-

able. All had to meet the design requirements given in Table 3.4.6-1 for both flow circuit design

and material properties.

Candidate materials for the nozzle were evaluated based on oxygen compat-

ibility, low density (low weight), and high thermal conductivity. Because of the poor coolant

properties of oxygen, a material which conducts heat readily is desirable to enhance the cooling of

the nozzle. Materials of interest are listed in Table 3.4.6-2. Zirconium copper (0.15% Zr) is

advantageous in spite of its higher density since it has the highest thermal conductivity properties

as well as the highest degree of oxygen compatibility.

Savings in weight can be achieved either by a low density material or by use

of special fabrication techniques. Figure 3.4.6-2 portrays 3 concepts investigated for the 3K OTV

TCA nozzle extension concept. Details of these concepts are discussed below.

Use of a brazed tube assembly is a well demonstrated technology. To com-

pensate for the change in diameter from entrance to exit, the tubes can either be swaged to a smaller

diameter or else bifurcated.

An alternative method would utilize a slotted cone with an electroformed

closeout. This fabrication technique is similar to that used to construct the regenerative cooled

thrust chamber.

A third method would use finned robes. The robes could be plastically

formed from sheet metal with the two halves either brazed or diffusion bonded together. The fin,

on either side of the tube, would be cut along a taper so that when the fins overlap for the weld

joint, the desired cone angle would be achieved.

The current oxygen cooled nozzle is roughly twice the size of the 3K nozzle

extension, however the same fabrication approaches are applicable. A variation of the slotted cone

_,,_o,,_,., 158



= 635
ED = 38"

c = 35
A

36.7"

Total Oxygen Flow:

402 = 13.39 Ib/sec

Figure 3.4.6-1 7.5K Design: Ox Cooled Nozzle Envelope
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TABLE 3.4.6-1

OXYGEN COOLED NOZZLE DESIGN PARAMETERS

Ox Flowrate

Pc
MR
T Ox Inlet
T Ox Outlet

Ox Density

Heat Flux

@ e= 28

Maximum Wall Temp

Maximum zkP

Oxygen Compatible Materials

= 16.2 Ibm/sec

= 2300 psia (overthrust)
= 7
= 640°R
= 860°R

= 15.5 lbm/ft3

- 2.7 Btu/sec in. 2 (maximum)

= 1460°R

= 5800 psia

Table 3.4.6-2

Oxygen Cooled Nozzle Candidate Materials

Material Selection

Criteria:

• Oxygen Compatible

• Low Density

• High Thermal Conductivity
Candidate Materials:

ZrCu

Nickel 200

Haynes Alloy #25
or Haynes Alloy #214

Inconel 600

k

(Btu/hr ft F)

212

44

13

17

Density
(Ibm/in 3)

0.32

0.32

0.33

0.30

Y.LS.
(ksi)

50

14

35

32

Ox Rating
(Compatibility)

1

2

3
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concept would be achieved by the use of two spun cones. The inner cone, after initial forming

would have slots machined onto the outer side for the coolant passages. The outer, thinner cone

would provide the close out. A HIP diffusion bond process would join the metals. As part of the

HIP process the cones would be bulge or plastically formed onto a mandrel containing the contour

of the nozzle. This process is illustrated in Figure 3.4.6-3.

The finned tube approach (Figure 3.4.6-4) identified for the 3K nozzle

extension would be directly applicable. A variation of this finned tube concept is illustrated in

Figure 3.4.6-5. Half tubes would be welded to the nozzle skirt. The skirt could be formed as a

spun cone. Using the HIP process with a mandrel would allow forming the cone into the desired

nozzle contour.

Another method to explore for weight savings varies the manifolding. The

most straight forward, and lightest method of manifolding would be a single pass system

(Figure 3.4.6-6). However, since the oxygen cooled nozzle interfaces with a retractable radiation

cooled nozzle, there are space considerations for design of a single pass system. This could be

alleviated with the use of a pass-and-a-half system where the exit manifold is moved to the mid-

section of nozzle, as illustrated in Figure 3.4.6-7. This would also minimize the number of bifur-

cations required to go from an entrance diameter of 8 inches to an exit diameter of 38 inches.

Figure 3.4.6-7 also shows a concept whereby the tube bifurcation is eliminated by use of a com-

mon manifold to redistribute the flow.

A complete thermal analysis still remains to finalize the design of the oxygen

cooled nozzle. Parametric studies will assist finalization of the sizing of the coolant passages.

3.4.6.2 Results of Preliminary Thermal Analysis

A brazed tube channel assembly was selected for additional analysis, primar-

ily to verify that the oxygen could cool the nozzle adequately. Tube sizes from 1/64 inch to 5/32

inch were evaluated as the basis for the construction. The assumption was that tube bifurcations

would be employed as often as needed to maintain the cone shaped structure with swaged tubes.

The results of this analysis are given in Table 3.4.6-3. Note that tubes of 1/16 inch diameter and

5/64 inch diameter were near optimum. These are reasonable sizes for a swaged and brazed nozzle

construction.
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E = 28

_=2_ /

_=.s /
_ = 38,o /

17.5"

i

19.2"

t
Total Oxygen Flow:

_O2 = 13.39 Ib/sec

Single Pass 0,0 6 2 5 'bla Tubes

Bifurcated Tubes - 2 Mmnifolds

64

28

1456 Wt: 26.08#

Figure 3.4.6-6 7.5K Design: Ox Cooled Nozzle Extension Concept
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"_-/364

]Tubes

145

{/Tubes

/Tubes

1456

l/Tubes

.-ira.-

,)

4'

)

4 Manifolds
2 Sets of
Tubes

0.0625' Oia

Wt: 33.6#

0.0625"Dia

1 Bifurcation
3 Manifolds

Wt: 30.19#

Figure 3.4.6-7 7.5K Design: Ox Cooled Nozzle Extension Concept
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Table 3.4.6-3

Design Requirements

Oxygen Cooled Nozzle Coolant Flow & Passage Diameters

Diameter = 8 in. @ Entrance
2t* = 0.007 in.

_v ox = 13.4 Ibm/sec

Req
Dia Area No. Vel Vel Req

(inches) (in 2) Tubes (ft/sec) to Cool 2t
,t

(1/64) 0.0156 0.0002 1113 292 705 0.002

(1/32) 0.0313 0.0008 660 123 196 0.003

(3/64) 0.0469 0.0017 469 77 96 0.005

(1/16) 0.0625 0.0031 364 56 59 0.007

(5/64) 0.0781 0.0048 298 44 41 0.009

(3/32) 0.0938 0.0069 252 36 31 0.010

(7/64) 0.1094 0.0094 218 30 24 0.012

(1/ 8) 0.1250 0,0123 193 26 20 0.014

(9/64) 0.1406 0.0155 173 23 17 0.015

(5/32) 0.1563 0.0192 156 21 14 0.017

* t = Wall Thickness
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3.4.6.3 Nozzle Design Conclusions

An optimum nozzle design will require considerable resources and at least a

one year design time span. This is a precision component with important thermal requirements and

complex hydraulics. It is deserving of development as a separate task.

The optimum material would have high thermal conductivity, good mechani-

cal properties, and oxygen compatibility. Copper alloys do well on conductivity and compatibility,

but will require more material because of poor strength. One material considered but doubtful from

the oxygen compatibility standpoint is beryllium. If a beryllium alloy could be shown as oxygen

compatible it would have to be considered. This is an area where the oxygen/materials compatibil-

ity program could be extended to good purpose.

Fabrication techniques are rapidly coming available that could produce a

lighter but equally strong cooled nozzle. They should also be investigated in any follow-on devel-

opment.

3.4.7 Radiation Cooled Nozzle

Design work on this subtask produced far more voluminous results than the

assigned hours would indicate. The investigator was both highly efficient and very motivated for

the task as it supported other ongoing programs and an expected new NASA MSFC nozzle devel-

opment program.

3.4.7.1 Ground Rules and Design Issues

This design task was completed under the ground rules listed in

Table 3.4.7- I. Of these the most important drivers were the sixty inch envelope constraint and the

use of only one extendible/retractable section. The results were developed to address the issues

also given in Table 3.4.7-1. Of these the ones given most consideration were weight and fabri-

cability as these greatly influenced the mechanical design.
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TABLE 3.4.7-1

OTV ENGINE EXTENDIBLE NOZZLE
GROUND RULES AND ISSUES

Engine Ground Rules:

Space Based
7500-1bF Thrust Nominal

115% Thrust Capable
6: I Mixture Ratio

2000 psia Chamber Pressure
20 Hour/500 Mission Life

Nozzle Ground Rules:

One Extendible/Retractable Section

Radiation Cooled

60-in. Stowed Length

Extendible Nozzle Issues:

Weight
Life & Reliability
Hot Structural Attachments
Thermal Isolation

Maintainability
Non Destructive Evaluation (NDE)

Deployment System Issues:

Weight
Reliability (Fail Safe/Fail Operational)
Rad-to-Regen Joint Life

Envelope
Alignment Tolerance
Maintainability



Thetaskwasstartedbyreviewingthe recent literature to determine the state-

of-the-art. The most useful reports for this design were:

High area ratio nozzle concepts (R/D, NAS 8-35771)

Evaluation of c/c composites for space engine nozzles Aerojet,
NAS 8-35971)

Extendible nozzle tradeoff study, RL10-IIB (P&W, NAS 3-22902)

Titan Stage II extendible nozzle (Aerojet, IR&D)

SRB/SLEEC feasibility study (Aerojet, NAS 8-36571)

3.4.7.2 Concept and Materials Selection

The literature review and Aerojet design experience were combined to pro-

duce the design selection summarized in Table 3.4.7-2. The deployment/retraction mechanism is a

well proven ball screw system that came through the initial trade study so far 'ahead of any competi-

tor that it was the only concept carried into the drawing stage of the task. The nozzle material

selection was less clearcut. After a review of several candidate materials the choice was reduced to

a refractory metal or a carbon composite. The candidate materials are listed in Table 3.4.7-3.

Material properties and a recommendation for a gas side wall coating are given in Table 3.4.7-4

for the metals. The material selection is of considerable importance in the design as the weights are

different, attachment design is different, and the use of stiffener rings is needed for the metals but

not for the carbon composites. The baseline concept design is given in Figure 3.4.7-1. Note that

three jack screw rods are baselined. They are driven by three 28 volt DC electric motors which are

interconnected by a flexible drive cable system that allows for failure of two of the motors without

disabling the system. This is the basic redundancy of the system that adds to the reliability of this

basic well-proven device.

3.4.7.3 Nozzle Contour Selection

Aerojet developed a nozzle optimization code that worked in conjunction with

the generally available TDK ° performance analysis code to analyze the nozzle design for the given

envelope and engine parameters. Results of the analysis showed that 100% bell gave the highest

specific impulse for a fixed envelope, but 110% bell gave the lowest nozzle weight for a fixed

*Frey, H. and Nickerson, G.R., Two-Dimensional Kinetic Reference Program, prepared by Dynamic Science,
Contract NAS 9-10391, December 1970.

_'_" "" 171



TABLE 3.4.7-2

OTV ENGINE EXTENDIBLE NOZZLE

DESIGN CONCEPT SELECTION

Reversible, Ball Screw Deployment

Extension/Retraction System Fixed to Primary Nozzle

Dual Redundant, Flex Shaft Synchronized 28 VDC Motors

Locking/Unlocking Incorporated in Motors

Refractory Metal Finger Seals at Joint

Shoulder Bolt Nozzle Attachment

Columbium and Carbon/Carbon Radiation Section Materials
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TABLE 3.4.7-3

OTV ENGINE EXTENDIBLE NOZZLE

RADIATION COOLED MATERIAL OPTIONS

Metals:

Columbium Alloys C103 and FS-85 w/Silicide or Aluminide Coating

Nickel Alloys Haynes 230 and Hastalloy X w/NiCrAlY Coating

Cobalt Alloy Haynes 188 w/CoCrAlY Coating

Composites:

2D-Involute Carbon/Carbon (Pyrocarb 409) w/SiC Coating

Quasi-3D Carbon/Carbon (Novoltex T22) w/SiC Coating

Quasi-3D Carbon/Silicon Carbide (Sepcarbinox)

TABLE 3.4.7-4

OTV ENGINE EXTENDIBLE NOZZLE

RADIATION COOLED MATERIAL COMPARISON

Density Max Temp Y.S. @ 2000F

Metal lb_b_/in.3 F KSI Coating

C103 0.320 2800 18.2 Required

FS-85 - 2800 25.0 Required
Haynes 230 0.319 2100 8.2 Recommended

Hastalloy X -- 2000 6.2 Recommended

Haynes 188 - 2000 - Recommended
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envelope. The selection then had to be made on the payload efficiency. This required use of

exchange ratios for the OTV. A search of the Phase A vehicle studies and follow-up calls to

NASA MSFC personnel led to use of the following ratios:

dWPl/dIsp = 76.3 Ibm/sec

dWPl/dWn = 1.77 lbm/lbm nozzle

The first relates change in vehicle payload to a change in engine delivered specific impulse (in sec-

onds). The second ratio takes in to account the effect of a larger (heavier) nozzle to improve spe-

cific impulse but at the price of a heavier nozzle. For any change of one Ibm in nozzle weight the

payload weight changes directly by 1.77 Ibm.

With the exchange ratios determined the nozzle optimization program yielded

the 100% bell as optimum as shown in Figure 3.4.7-2. With the further variable of material den-

sity and thickness the optimization in Figure 3.4.7-3 gives a comparison of two columbium noz-

zles and two carbon-carbon nozzles. The 0.030 in. thick columbium nozzle was selected as the

current state-of-the-art baseline. The delta payload to GEO shows that there is a significant pay-

load improvement by going to the lightweight carbon-carbon material.

Presented in Figure 3.4.7-4 is an assessment of the practicality of using

more than one nozzle segment. For the columbium materials one segment is optimum. For the

carbon-carbon a two segment nozzle would be a performance optimum, but the reliability would be

seriously compromised. There was no compelling reason from this analysis to change the one

segment nozzle design baseline.

3.4.7.4 Envelope

With the nozzle bell defined and the deployment mechanism defined the noz-

zle envelope was determined as follows:

Component Axial Length

Gimbal Clearance (6 °) 2 in.

Drive Mechanism/Joint 9

Nozzle Extension 49

Total Envelope 60 in.

1430:1.

All subsequent engine performance estimates are based on the area ratio of
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3.4.7.5 Thermal Analysis

The OTV engine system assumes two engine (or more) operation with

engines side by side. A SINDA (Ref. SINDA 1983/ANSI Code -- Systems Imiproved Numerical

Differencing Analyzer, prepared by TRW Systems, 1970's) thermal analysis for the configuration

is shown in Figure 3.4.7-5. The calculated gas-side heat transfer coefficient versus position

starting at the attachment point to the oxygen cooled nozzle is given as Figure 3.4.7-6. With the

side-by-side engine mounting two view factors had to be considered. The view factors derived

from the SINDA calculation is given as Figure 3.4.7-7. As expected, the inside nozzle section

reaches the highest temperatures. Both inside and outside temperatures are plotted in

Figure 3.4.7-8. The initially lower temperatures at the lower area ratio positions are explained by

conduction cooling from the regeneratively cooled nozzle which attaches to the radiation cooled

section with reasonably good conductive surfaces.

3.4.7.6 Mechanical and Thermal Loads

The stress loads for the nozzle were calculated and are presented in

Table 3.4.7-5. The concern with this calculation is that OTV operational loads are very poorly

defined at this time and the table only presents thrusting loads. The loads from Shuttle deployment

and from aerobraking are likely to be the two most severe operations in terms of loads, but they

have yet to be def'med. A detail design will require knowledge of these loads. Additional

calculations were performed to establish stresses for involute carbon-carbon. They are not

presented herein due to the restriction previously mentioned, but in all cases the carbon carbon had

adequate design margins.

The ball screw sizing was based on a buckling analysis presented in

Table 3.4.7-6. The nominal diameter selected was 0.5 inch. A trade between 606 l-T6 aluminum,

Titanium 6AI-4V, and 4150 steel showed the steel to provide the lightest weight ball screw mate-

rial.

Also calculated was the thermal strain for various joint materials. This is

presented in Table 3.4.7-7. The carbon carbon was the least effected by the thermal environment

of the four materials evaluated. A separate calculation was done on the nozzle thermal stress in

carbon-carbon versus the initial joint gap. It is not shown due to the restriction, but the stresses for

the baseline design are in an acceptable range.
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Table 3.4.7-6

OTV Engine Extendible Nozzle Ballscrew Sizing Based on Buckling Analysis

BASIS:

- 100 LBF AXIAL LOAD PER BALLSCREW (3 QTY)
- 55 IN. LONG

- 0.5 MARGIN OF SAFETY MINIMUM (F.S. =1.5)

SELECTED:

- 0.5 IN. NOMINAL DIAMETER

- 4150 STEEL (LIGHTER THAN 6061-T6 OR Ti-6AI.4V)
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TABLE 3.4.7-7

" OTV ENGINE EXTENDIBLE NOZZLE
THERMAL STRAIN AT REGEN-TO-RAD COOLED JOINT

Beryllium

C103

Haynes 230

Carbon-Carbon

et T E Ar

fin./in./*F'3 (°F) _ (in.)

7.OE-6 440 3.1E-3 0.060

4.2E-6 1550 6.5E-3 0.126

8.0E-6 1550 12.3E-3 0.240

1.0E-6 1550 1.5E-3 0.030

_.=t*.,-X 186



3.4.7.7 Gas Side Surface Coatings

The Aerojet analysis showed that both columbium and carbon-carbon mate-

dais would benefit from surface coatings for protection from the gas species. The carbon-carbon

surface reeessi_0n after four hours of engine operation is plotted in Figure 3.4.7-9, and for 20

hours in Figure 3.4.7-10. The hump in the curves is due to the cooling effect of the oxygen

cooled nozzle near the attachment point. Note that a silicon carbide surface is helpful after four

hours of operation but is mandatory for longer service lifes.

Aerojet investigated several coatings for the columbium nozzle. Their effec-

tive temperature range and protective life is summarized in Figure 3.4.7-11.

The Aerojet coating recommendations are given in Table 3.4.7-8 along with

the baseline materials selections from the metals and the carbon-carbon group.

3.4.7.8 Baseline Nozzle Preliminary Designs

After the trades were completed and the two baseline materials selected the

designs were prepared as drawings. The preliminary columbium nozzle design is shown in

Figure 3.4.7-12. That for the carbon-carbon is given as Figure 3.4.7-13.

Special attention was paid to the interface and attachment design. In most

respects this is the most challenging design problem. Aerojet chose a new concept based on an in-

depth review of prior concepts developed at Aerojet, Pratt & Whitney, and Rocketdyne. Of major

concern were the issues of:

• Hot gas seal resealability

• Thermal expansion mismatch

• Temperature gradients

The first issue involves the repeated actuation of the nozzle. Prior designs

had to deal only with a one time deployment. The Aerojet solution is shown in Figure 3.4.7-14

where the double leaf seal is the basis for the resealable seal.

3.4.7.9 Nozzle Weight

A preliminary nozzle weight was calculated for .020 and .030 inch

columbium nozzles without taper and for .050 and .060 inch thick carbon-carbon nozzles without
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taper. In Table 3.4.7-9 the columbium calculations were supplemented with a column for a

tapered nozzle thickness. The .060 inch carbon carbon was baselined, its weight summary is

given in the third column.

3.4.7.10 Summary

The radiation cooled nozzle subtask was the most thoroughly developed of

any for the preliminary design. It is ready for a detailed design and testing program.
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3.5 THRUST CHAMBER DESIGN

3.5.1 Backmround/lntroduction

The thrust chamber design documented in this section was developed under

Task C.3, 7.5K Thrust Chamber Assembly (TCA) Final Design.

OTV engine studies have identified a dual propellant expander cycle as offering

advantages over either staged combustion or gas generator cycles. The dual expander cycle

requires no interpropellant seals for the turbopumps. In the dual propellant expander cycle, the

fuel is heated to drive the fuel mrbopump and the oxidizer is heated to drive the oxidizer

turbopump. The two pumps are totally separate eliminating the design problems and life

limitations associated with interpropellant seals on the turbomachinery.

Operation at a higher chamber pressure (Pc) is also possible by the increased

amount of thermal energy available to drive the turbopumps. The dual propellant expander cycle is

fairly simple, plumbing is straightforward, and it offers excellent performance potential.

Gasification of both propellants provides a convenient source of tank pressurant and allows gas-

gas injector elements to be used. Gas-gas injection is desirable in that it enables full range throt-

fling with a single injector, without significant performance or stability degradation. Both propel-

lants are routed to the injector for combustion after driving the TPA turbines.

Documented in this report is the evolution of the TCA design for a dual propel-

lant expander cycle at an uprated thrust level of 7500 lbf with engine performance, weight, and

reliability requirements considered. Early in the OTV program, a design for a 3000 lbf thrust level

TCA was developed. The TCA design (Figure 3.5.1-1) consisted of an annular injector with an

oxygen cooled centerbody housing the oxygen turbopump. This concept was evaluated using data

from hot fire tests with calorimetric TCA hardware. Information obtained from these 3.0K ibf

thrust hot f'me tests was used in the thermal design of the 7500 lbf thrust TCA.

The approach to the upscaled 7500 lbf thrust level engine was to use the 3K lbf

thrust level design concepts and incorporate modifications necessary to meet the new operational

requirements and state-of-the-art fabrication criteria. The basic dual propellant expander cycle has

been retained, and a new TCA design conceptualized in an effort to minimize weight, maximize

performance, and improve reliability.
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The design of the 7.5 K lbF thrust level TCA for the Orbital Transfer Vehicle

Engine (OTV-E) was based on the system parameters in Table 3.5. l-1.

3.5 SUMMARY

The baseline chamber for this program was a single pass regenerative design to be

made from NASA-Z Copper with conventionally milled coolant channels. A high su-ength electro-

formed NiCo alloywould form thechannelbacksidecloseout.The nominal L'(injectorfaceto

throat length) is 9.8 inches with a contraction ratio (Cr) of 17:1." An oxygen cooled tube bundle

nozzle extension is attached at an area ratio of 28:1. This concept is shown in Figure 3.5.2-1.

NASA-Z was considered to be the chamber material of choice due to the higher

strength at elevated temperatures and high thermal conductivity properties. The upper gas side wall

temperature limit used in the heat transfer analysis was 1460 degrees R. Electrofonned NiCo was

selected for the channel closcout material based on the increase in strength (Figure 3.5.2-2) over

that of EF Nickel. With the increased strength of the selected materials, a decrease in weight is

obtained by the reduction of the closeout wall and an increase in cycle life is obtained by the

decreased thermal strain resulting from a decrease in the temperature gradient.

Sizing of the coolant channels is based on demonstrated fabrication capability

with copper chamber liners. The minimum channel and land widths have been demonstrated to be

0.01 inches with aspect ratios (depth to width) of the coolant channel to be a maximum of 10:1.

The number of coolant channels in the liner is determined by the throat diame-

ter. A smooth transition in channel width and depth is desirable as the channel geometry varies

from the barrel section through the throat section. Straddle milling the channel width profile is

possible but difficult to do. Step machining is possible also, but the pressure drop penalty is high.

Bifurcation of the channels would provide another method for transitioning the channels through

these regions of varying diameters.

The performance of the dual propellant expander cycle is dictated by the power

balance requirement. This establishes the entrance and exit pressures and temperatures of the

thrust chamber and injector at the various operating conditions. Because the OTV engine is

designed to be throttleable through a 10:1 range, the system power balance has to be verified at
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TCA DESIGN PARAMEI'ERS

Pro_llants

Weight

12n_a

Life

Rmm_

iain_

Nomiml Operation

LHWLO2

480 Ibf-sec/Ibm, @ • =

360 Ibm

120 inch max,

60 inch stowed length

20 hours, .500 restarts

Man Ratiag

Space Based

MR- 6.0

Pc = 2000 psia

LO2/iM2

Thrust = 7500 lbf

Tlkrottli_ range 10:1

1430:1
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121.8"

91.8"

I
I

r /
Scale 20:1

Component Packaging
Envelope

100% Bell Nozzle

Engine/Vehicle
Interface Plane

_._. _ = 300 Oxygen Outlet Manifold
(Pass and 1/2)

Seal = 1" Width
E= 623 Extendible Dla : 37.9"

CR = 25.67

DBarrel= 7.6"
DThroat : 1.5"

e = 1430

Exit Die : 56.7"

Updated4 Jan 1987

Figure 3.5.2-10TV 7.5K Ibf Engine- Major Dimensions
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each cornerof an operatingmap as shown inFigure3.5.2-3.This enabledcalculationof the

required thrust chamber surface area to ensure proper transfer of heat to the TCA components.

The heat input to and the pressure drop of the coolant through the regen jacket

was estimated by the SCALE computer program (Reference 2). The information is used to provide

the proper pressures and textures of the working fluid at the turbine inlet for the power

balance calculation. The SCALE program is used to determine the channel depth for an input

channel layout (channel width and land width) required to satisfy limitations on gas side wall temp-

erature (material limit), aspect ratio (fabrication limit), and coolant channel gas-side to back-side

wall temperature difference (strain and cycle life limit). The pressure drop and bulk temperature

rise of the coolant is calculated based on the design geometry.

Methods have been explored to enhance heat flow to the propellants including:

(1) increasing the hot gas-side wall area by roughening the surface; and (2) increasing the free

stream velocity to increase the heat flux. Earlier studies emphasized designs providing additional

surface area exposed to the combustion gases. Later studies aimed at meeting the high cycle life

(>500 cycles) found that a "mini-channel" design reduced the temperature differential induced

strain thereby increasing cycle life. The mini-channel concept shown in Figure 3.5.2-4, has been

retained for the 7.5K lbf thrust level OTV TCA design.

3.5.3

The initial 3K lbf thrust level TCA design included a hydrogen cooled outer

chamber and throat, an annular 2-row injector, and an inner body with oxygen regenerative

cooling. A split flow scheme was devised whereby 83% of the hydrogen flow was used to cool

the regenerative chamber. The remaining 17% was routed to cool the aft nozzle from an exit area

ratio of 43:1 to 420:1. Schematically, the hydrogen coolant was split and then flowed in parallel

to minimize the pressure drop in the overall system. In scaling up the TCA from a 3K lbF thrust

level to a 7.5K lbF thrust level, the guidelines listed in Table 3.5.3-1 were used as a design "kick-

off' point.

The 7.5K lbf TCA design was started with a review of the 3.0K lbf TCA con-

cept. After reviewing the initial concept on the basis of maintainability and reliability, the oxygen

turbopump assembly was removed from the middle of the combustion zone. A primary advantage

of placing the oxygen turbopump in the center of the combustion chamber had been the simplifica-

tion and reduction in plumbing necessary to feed the oxygen pump and turbine. The concept had

utilized oxygen cooling of the cylindrical turbopump housing (centerbody) to derive the energy for
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• Baseline
W/EF Ni
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o3o--PI _ It .o26

"_ EF NI /.-'_'1

MicroChannels
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ZrCu .020
Microchannels
W/EF NiCe
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I c" !
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Figure 3.5.2-4 Mini Channels and Thin, Strong Closeouts Reduce Weight and
Increase Life
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7.5 K LBF THRUST LEVEL TCA DESIGN CRITERIA

Inje_gtor Same element size, spacing, & flowrate per element
180 elements ( 41.67 # thrust/element)

Centerbody
/Regen Chamber

Scale up surface area
Retain effective contraction ratio (17:1)
Retain same weight flow per area (same heat flux)
Retain basic channel dimensions/design
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driving the oxidizer turbopump. For the 3K lbf thrust level hardware, the envelope of the cylindri-

cal centetbody was 3.9" in diameter and was housed within the 6.8" diameter barrel of the thrust

chamber (Figure 3.5.3-1). In removing the oxygen mrbopump assembly from the combustion

chamber, the size & weight of the regen cooled centerbody structure was reevaluated.

A remaining technical concern over the ability to adequately cool the center-

body structure with LOX was further pursued as part of this design task. The scope of the 3.0K

lbf TCA program had not been expanded to demonstrate this technology prior to the increased

thrust level requirements. This concern remained an issue during the 7.SK Ibf TCA design task.

Initial cursory heat transfer analysis undertaken in support of the 7.5K lbf TCA design task indi-

cated potential problems with LOX as the coolant. The decision was made not to use oxygen as

the coolant within the barrel of the combustion zone. Required heat pickup for the oxygen could

be accomplished with a small lightweight, heat exchanger.

Options for the TCA conceptual design were reviewed as summarized in

Figure 3.5.3-2. Since a dual propellant expander cycle is baselined, balancing of the energy input

into the propellants dictates the combustion chamber size. Tradeoffs between the chamber length

and diameter are directly proportional to the required surface area. The main objective is to opti-

mize the overall packaging in the smallest envelope for the lowest weight and still maintain the

energy balance for the engine cycle at the design chamber pressure.

Weight concernsprompted explorationofdiameterversuscombustion chamber

lengthtodetermineimpact. The configurationlabeled'A' resemblesthecompetition'sdesign.

Combustion ofoxygen and hydrogen propellantsoccursrapidly,hence a long chamber lengthis

not requiredtoensureadequatemixing and combustion. An expander cyclerequiresa certainbar-

relsection(highheatfluxarea)toprovidetherequiredheatinputtothehydrogen. This is

accomplished ina smalldiameterTCA designby increasingtheL' lengthsuch thatthedesired

hydrogen bulk temperatureisreachedtodrivetheTPA. The smalldiameter,long L' chamber has

a definiteweight advantage,however iftheTCA istofitwithina restrictiveenvelope,theexiting

arearatioislimited.

Use of a centerbody or baffle structure was recognized as a way to provide

adequate heat input to the hydrogen while maximizing the achievable exit area ratio. Revising the

3.0K lbf centerbody structure, is represented in the 'C' designs. The centerbody structure denoted

would not house a TPA, but would be hollow. The surface would be cooled with hydrogen.

,.,_,_.,,_-3_-,,_. 207
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Figure 3.5.3-1 LOX Cooled Centerbody Concept
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Tradeoffs of injector diameter and chamber L' are summarized in the 'CI' and 'C2' design con-

cepts. The 'C3' concept represents a midpoint between 'el' and 'C2' in that radial baffles are

added to the sides of the centerbody structure. The weight and design complexities of these con-

cepts factored in their non-selection as a baseline design.

The semi-solid center body structure of the proposed 'C' concepts packaged a

large amount of unused space. The concept labeled 'B' opens up the centezbody so that active

elements can be packaged in the inner diameter. This enabled the injector diameter to be reduced,

however the cylinder baffle provided very little beat transfer area and did not support shortening of

the chamber L'. The 6.3 inch injector diameter of this concept represents the smallest diameter for

packaging the injector elements. By splitting the injector into two cmpartments, complexity would

be added to the system hydraulics. A possible benefit could be realized by using the compartmen-

talized injector to establish a wider throttling range.

Concept 'D', ultimately selected as the baseline design, provided the best com-

promise between injector diameter, chamber L', and exit area ratio with a small increase in overall

TCA weight. This concept represents the use of radial, hydrogen cooled, baffles. Various baffle

concepts were considered and as shown in Figure 3.5.3-3, flexibility in number and configuration

ensures adequate surface area to ensure adequate hydrogen bulk temperatures.

Finalization of the TCA conceptual design enabled the power balance for the

OTV engine to be completed. This established the temperature and pressure sc_ to be used

in the design of the coolant passages for the hydrogen cooled regen-chamber and baffles. This

analysis is documented in the following sections. Section 3.5.4.3 contains the analysis methodol-

ogy common to both components.

3.5.4 Analytical Desitm

3.5.4.1 Regenerative Cooled Chamber

3.5.4.1.1 Background

The cooling of the regeneratively cooled chamber is designed for the

hydrogen coolant to enter at an exit area ratio of 28:1, flowing counter to the gas stream and exiting

near the injector face.

Preliminary heat transfer analysis utilized the 3000 lbf thrust level thermal

hot fire test results. A comparison of the 3000 vs the 7500 lbf thrust level designs for the throat

,_,_,,,_,_-_.-- " 210
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OTV ENGINE CONCEPT SUMMARY AND COMPLEXITY COMPARISON

Oxygen Heating

Tempcr_ure Control

• Ox Turbine Inlet

• Chambm- Wall Temperam_

• Oxygen Phase Change

Stabihty Devices

Engine Control

Start Control

• Start Valves

• Back Pressure Valves

• Boost Pumps

Ignition

Regen Cooling Method

• Throat/Chamber

• Baffles

• Regen Nozzle

Eniine Version
Cooled Centerbody ]_I]f,I_[.,UI_,I_

Centerbody (100%) 1) O2H2 HEX (2/3)

2) Regen Nozzle (1/3)

Ox Regenerator/Bypass Valve

H2 Regenerator/Bypass Valve

02 Regenerator/Ox Back
Pressure Valve

Acoustic Cavities

Turbine Bypass Valves (2)

As Proposed Required 8
Valves

2 StartValves

One Ox BPV

None

Single Flare Igniter

O2/H2 HEX Bypass Valve

H2 Regenerator/Bypass Valve

O2/H2 HEX, Ox BPV

Baffles

Turbine Bypass Valves (2)

1 Idle Valve for Tank Head

Start

Ox and Hydrogen BPVs

One on Each Circuit

Dual Igniters

87% of Hydrogen

N/A

13% of Hydrogen

100% of Hydrogen

100% of Hydrogen

100% of Oxygen
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section are illustrated in Table 3.5.4-1. The initial analysis was based on a split flow (Figure

3.5.4-1 ) with 60% of the hydrogen flow used to cool the chamber and the remaining 40% used to

cool the baffles. This hydrogen coolant flow enabled the same channel geometry used for the

3000 lbf design to be used for the 7500 lbf thrust level engine with no penalty in cycle life or pres-

sure drop.

Manufacturingconsiderationsprompted a closerlook athow toachievethis

60/40 hydrogen splitover theoperatingconditions.Concerns about splittingtheflow were I)

possiblestarvationof thehigh heatfluxthroatareaduringtransientconditions,and 2) achieving

linearvalveoperationover alloperatingconditions,therebymaintainingtheproperflow split.The

riskwas felttobe high due tochannel burnoutconcernsinvolvedwithany imbalance ofthe60%

flow tocool theregen chamber. A saferand simplerapproach was touse 100% of thefueltocool

thechamber. The penaltywas an increaseinthe pressuredrop with thehighermass flow rates

seriallythrough thechamber and bafflechannels.Thermal analysisshowed itwas possibleto

maintainthepreviouspressuredrop inthechamber while controllingthegas sidewalltemperature

by controllingthedepth of thechannel.

Table 3.5.4-2 summaries this study on channel depth for two different bulk

temperatures which demonstrate the ability to control differential temperature across the channel as

a function of the coolant channel depth. As the bulk temperature is lowered, the pressure differen-

tial per inch of travel increases. For a 60/40 split at a bulk temperature of 200 degrees F, the pres-

sure differential per inch of travel was actually higher than for 100 % flow. This is attributed to the

frictional flow area which constitutes a larger percentage of the loss as the hydraulic diameter is

decreased. The nominal thermal characteristics and pressure drops for the system are summarized

in Table 3.5.4-3. The total system schematic (Figure 3.5.4-2) and power balances for the MR = 5,

PC = 200 and 2075 psia, and MR = 7, PC = 200 and 2300 psia operating conditions are shown in

Figures 3.5.4-3, -4, -5, and -6, respectively.

3.5.4.1.2 Parametdc_

Parametric analyses were conducted at the throat plane of the OTV 7.5K lbf

thrust level engine to determine cooling and pressure drop characteristics as a function of channel

geometry. Since the operating condition of MR=5, PC = 2075 psia results in the highest heat flux

at the throat (83 Btu/sec-in^2), the boundary conditions related to this operating point were used in

the subsequent analysis. Channel depth and hydrogen bulk temperature were varied to determine

the effect on gas side wall temperature, maximum temperature gradient across the coolant channel,
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TABLE 9.5.4-1

COOLANT CHANNEL DESIGN COMPARISON

I Thrust (lb0

Gas-side wall thickness (in.)

Back-side wall thickness (in,)

Land width (in.)

Channel width (in.)

Channel depth (in.)

Gas-side material

Gas-side material conductivity,
ambient (Btu/in*s*F)

Back-side material

Back-side material conductivity,
ambient (Btu/in*s*bO

Max. gas-side wall temperature (F)

Max. delta temp. across channel

Cycle life (Nf/4)

3000

0.02

0.018

0.011

0.01

0.038

Zr-Cu

0.0050

EFNi

0.00092

609

811

620

75OO

0.02

0.06

0.011

0.01

0.04

Narloy Z

0.0043

EFNiCo

0.00014

699

816

600

_--- Channet (L)

Width

(w)

Channel
Depth

(D)
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Figure 3.5.4-1 Hydrogen Cooled Regen Nozzle Schematic

215



TABLE 3.5.4-2

TEMPERATURE GRADIENT ACROSS CHANNEL CAN BE
MAINTAINED BY VARYING CHANNEL DEPTH

Delta T Across Channel

Channel Depth (in.)

Maximum Wall Temp (F)

Delta P per inch of travel (psia/in.)

Hydrogen Velocity (ft/sec)

Bulk Temperature (R)/(F)
2oo/-26o

859

0.065

4OO/-6O

859

0.092

610

420

760

8O0

320

890

Channel Width - .01", Land Width = .011", Wall Thickness = .02",

Close-out Thickness = .02", Gas side material --.Narloy Z,
Close-out Material = Haynes 188, 233 Channels, 100% Hydrogen Flow,
MR = 5, Pc = 2075 psia
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Table 3.5.4-3

Thrust Chamber Critical Temperatures and Pressures

e_ o_ Co,dmon

MR:5 MR:7
PC : 200 PC- 2300 Design
(peJ.) (psla) urn.

T,Wd (F) 701 N0 tooo
Max,
Jackel

-83 723 Ira0T,warn(_
Idu,

m.

T,Wall(F)
Idex,
Baffle

T, (F)
H2,
Entering
Jaxkel

T, (F)
H2,
Entering
BWmes

Tt (F)

H2,
Exiting
BalflmJ

_p (pro)
Regen
J_.kel

1023"*

.2SO

204

818

75

941

-310

MR=7" MRsS
I:'c " 200 Pc- 207S

(pela) (psili)

0S9 887

.1OS ?O6

1027 0,12

-42O .23S

100 U

00S 44O

33 U3

11 O3

33 76S

13S

545

$7S

1000

.2OO
(TBO)

TBD

1300

TBD

AP (IX_) 20 7S TOO
Baffle

gS eSOAp (pe_)
To_I

"Temperature without mHydrogen RegenerMor
**Exceeds limit at off MR, Throttled Condition

Powlr
Balan_

Oepend_
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OTV Ox Cooled Regen Nozzle with Back Pressure Valve

Chamber Pressure (psia):
Mixture Ratio:
Total Flow Rate (ItYsec):
Oxidizer Flow Rate (ItYsec):
Fuel flow Rate (Ib/sec)

200
5.0

1.541
1.3
0.3

PARAMETER UNITS OX FUEL
......................... ...... .... .m.. .................... ...-... .....................

Pump Pressure Rise psia 301.67 382.78
Density Ib/cu It 71.22 4.34
Pump Flow Rate Ib/sec 1.28 0.26
Pump Efficiency 0.27 0.45
Bearing Cooling Loss % SHPpump 5.00 5.00
Boost Pump Power % SHPpump 4.30 0.00
Head Rise feet 609.99 12712.25

Specific Heat BTU/Ib R 0.24 3.54
Turbine Flow Rate Ib/sec 0.39 0.10
Percent Turbine Bypass 69.65 62.96
Turbine Efficiency 0.52 0.48
Pressure Ratio 1.43 1.19
Gamma 1.40 1.40
Turbine Inlet Temperature deg R 860.0 1280.00

PUMP POWER HP 5.77 14.01
TURBINE POWER HP 5.77 14.01

Power Ratio (HPturtYHPpump) 1.000 1.000

.............. "'"'"'"" ...............
Location OX FUEL

Chamber Pressure 200 200
Injector Pressure Drop 30 20
Ox Heat Exchanger Exit Pressure (fuel side) 0 220
Ox HEX Pressure Drop (fuel side) 0 10
Turbine Exit Pressure 230 230
Turbine Pressure Drop 99 43
Turbine Inlet Pressure 329 273
Back Pressure Valve Pressure Drop 0 80
Cooled Nozzle Exit Pressure 329 353
Cooled Nozzle Pressure Drop 9 0
Cooled Nozzle Inlet Pressure 338 353
Balfles Pressure Drop 0 25
Baffles Inlet Pressure 338 378
Regen Jacket Pressure Drop 0 25
Ox HEX Exit Pressure (ox side) 338 403
Ox HEX Pressure Drop (ox side) 26 0
Pump Exit Pressure 364 403
Pump Pressure Increase 302 383
Pump Inlet Pressure 62 20

Figure 3.5.4-3 System Power Balance Summary at MR = 5 and Pc = 200 psia -
Oxygen Cooled Regen Nozzle
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orv Ox Cooled Regen Nozzle

Chamber Pressure (psia):
Mixture Ratio:
Total Flow Rate (Ib/sec):
Oxidizer Flow Rate (Ib/sec):
Fuel Flow Rate (Ib/sec)

2075
5.0

15.79
13.2

2.6

PARAMETER UNITS OX FUEL

Pump Pressure Rise psia 4122.36 5710.83
Density Ib/cu ft 71.22 4.34
Pump Flow Rate Ib/sec 13.16 2.63
Pump Efficiency 0.64 0.59
Beadng Cooling Loss % SHPpump 5.00 5.00
Boost Pump Power % SHPpump 4.30 0.00
Head Rise feet 8335.60 189658.64
........... ---- ..... .--°...°........m.. ......... ............ ..... ... ...................

Specific Heat BTU/Ib R 0.24 3.54
Turbine Flow Rate Ib/sec 12.35 2.50
Percent Turbine Bypass 6.17 4.92
Turbine Efficiency 0,73 0.73
Pressure Ratio 1.63 2.14
Gamma 1.40 1.40
Turbine Inlet Temperature deg R 860.0 900.00

PUMP P(_WEI_ .... "'''''''''" ...... "" ........ "'" ............HP 343.17 1610.88
TURBINE POWER HP 343.17 1610.88

Power Ratio (HPturb/HPpump) 1.000 1.000

"'"" .... "".......... """
Location OX FUEL

Chamber Pressure 2075 2075
Injector Pressure Drop 311 208
Ox Heat Exchanger Exit Pressure (fuel side) 2386 2283
Ox HEX Pressure Drop (fuel side) 0 45
Turbine Exit Pressure 2386 2328
Turbine Pressure Drop 1508 2660
Turbine Inlet Pressure 3894 4988
Cooled Nozzle Pressure Drop 95 0
Cooled Nozzle Inlet Pressure 3989 4988
Baffles Pressure Drop 0 371
Baffles Inlet Pressure 3989 5359
Regen Jacket Pressure Drop 0 372
Ox HEX Exit Pressure (ox side) 3894 0
Ox HEX Pressure Drop (ox side) 290 0
Pump Exit Pressure 4184 5731
Pump Pressure Increase 4122 5711
Pump Inlet Pressure 62 20

Figure 3.5.4-4 System Power Balance Summary at MR = 6 and Pc = 2075 psla -

Oxygen Cooled Regen Nozzle

220



OTV Ox Cooled Regen Nozzle with Back Pressure Valve

Chamber Pressure (psia):
Mixture Ratio:
Total Flow Rate (Ib/sec):
Oxidizer Flow Rate (Ib/sec):
Fuel Flow Rate (Ib/sec)

200
7.0

1.656
1.4
0.2

PARAMETER UNITS OX FUEL
................ .................... ...... ....... ....... ........._... ........... .......

Pump Pressure Rise psla 297.30 379.80
Density Ib/cu ft 71.22 4.34
Pump Flow Rate Ib/sec 1.45 0.21
Pump Efficiency 0.31 0.40
Bearing Cooling Loss % SHPpump 5.00 5.00
Boost Pump Power % SHPpum_o 4.30 0.00
Head Rise feet 601.15 12613.28

Specific Heat BTU/Ib R 0.24 3.54
Turbine Flow Rate Ib/sec 0.39 0.10
Percent Turbine Bypass 72.89 52.75
Turbine Efficiency 0.52 0.48
Pressure Ratio 1.41 1.16
Gamma 1.40 1.40
Turbine Inlet Temperature deg R 860.0 1280.00
_1 | S = II | III | I al | | II | I till II NI II II II | I | | = | | | | I | | I | I I | I I | I | | q | | | | | | | I

PUMP POWER HP 5.61 12.49
TURBINE POWER HP 5.61 12.49

Power Ratio (HPturb/HPpump) 1.000 1.000

Pressure Schedule
Location OX FUEL
............................... . .......... ........................ .......... ..... ......

Chamber Pressure 200 200
Injector Pressure Drop 30 20
Ox Heat Exchanger Exit Pressure (fuel side) 0 220
Ox HEX Pressure Drop (fuel side) 0 10
Turbine Exit Pressure 230 230
Turbine Pressure Drop 94 37
Turbine Inlet Pressure 324 267
Back Pressure Valve Pressure Drop 0 100
Cooled Nozzle Exit Pressure 324 367
Cooled Nozzle Pressure Drop 9 0
Cooled Nozzle Inlet Pressure 333 367
Baffles Pressure Drop 0 16
Baffles Inlet Pressure 333 383
Regen Jacket Pressure Drop 0 17
Ox HEX Exit Pressure (ox side) 333 400
Ox HEX Pressure Drop (ox side) 26 0
Pump Exit Pressure 359 400
Pump Pressure Increase 297 380
Pump Inlet Pressure 62 20

Figure 3.5.4-5 System Power Balance Summary at MR = 7 and Pc = 200 psia -
Oxygen Cooled Regen Nozzle
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OTV Ox Cooled Regen Nozzle

Chamber Pressure (psia):
Mixture Ratio:
Total Flow Rate (Ib/sec):
Oxidizer Flow Rate (Ib/sec):
Fuel Flow Rate (ItYsec)

2300
7.0

18.558
16.2
2.3

Pump Pressure Rise psia 5118.03 5325.20
Density iblcu ft 71,22 4.34
Pump FlOwRate Ib/sec 16.24 2.32
Pump Efficiency 0.63 0.60
Bearing Cooflng Loss % SHPpump 5.00 5.00
Boost Pump Power % SHPpump 4.30 0.00
Head Rise feet 10348.88 176851.66

Specific Heat BTU/Ib R 0.24 3.54
Turbine Flow Rate Ib/sec 16.08 2.30
Percent Turbine Bypass 4.01 3.48
Turbine Efficiency 0.73 0.73
Pressure Ratio 1.85 1.84
Gamma 1.40 1.40
Turbine Inlet Temperature deg R 860.0 1000.00
| | nl nl | II II | nu nil II nil nnl nlu nl lU nl In n | a a | | | u | I | | m | | m | | | | | m | | s | | = = = u = | = =

PUMP POWER HP 533.31 1308.62
TURBINE POWER HP 550.05 1342,25

Power Ratio (HPturtYHPpump) 1.031 1.026
=l =l =It =l al II =lm I =ll =l =B =l == =1 =BIB IB i IB i l= 11l S I i I m I m U m m S I iS I I I _ _ _ m I _ _ _ S _ _ _ _ _ _ _

Pressure Schedule
Location OX FUEL

Chamber Pressure 2300 2300
Injector Pressure Drop 345 230
Ox Heat Exchanger Exit Pressure (fuel side) 2645 2530
Ox HEX Pressure Drop (fuel side) 0 50
Turbine Exit Pressure 2645 2580
Turbine Pressure Drop 2235 2167
Turbine Inlet Pressure 4880 4747
Cooled Nozzle Pressure Drop 100 0
Cooled Nozzle Inlet Pressure 4980 4747
Baffles Pressure Drop 0 299
Baffles Inlet Pressure 4980 5046
Regen Jacket Pressure Drop 0 299
Ox HEX Exit Pressure (ox side) 4880 0
Ox HEX Pressure Drop (ox side) 300 0
Pump Exit Pressure 5180 5345
Pump Pressure Increase 5118 5325
Pump Inlet Pressure 62 20

Figure 3.5.4-6 System Power Balance Summary at MR = 7 and Pc = 2300 psia -
Oxygen Cooled Regen Nozzle
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hydrogen velocity, and pressure drop per inch of coolant travel. A bulk temperature range from

150 to'400 degree R and a channel depth range from 0.02 to 0.20 inches was studied for a channel

width = 0.01", land width = 0.011", wall thickness = 0.02", and close-out thickness = 0.02".

Thermal conductivity properties used include those for NASA- Z ( a Cu/Agt'Z,r copper alloy) for the

gas side wall material, and Haynes 188 for the close-out material (to approximate NiCo). The total

hydrogen mass flow of the system was used in the evaluation.

The analysisindicatedthatthemaximum gas sidewalltemperature

becomes lesssensitivetothebulktemperatureas thechanneldepth isincreased.The increasein

channel depth also results in a decrease in coolant velocity which reduces the pressure loss. These

trends are illustrated in Figures 3.5.4-7 and 3.5.4-8, respectively. Maximum temperature gradient

across the channel was shown to be more sensitive to the bulk temperature as the channel depth is

increased, as shown in Figure 3.5.4-9. A comparison of these trends is illustrated in Figure 3.5.4-

10.

Figures 3.5.4-11 and 3.5.4-12 illustrate the effect channel geometry has on

the maximum wall temperature, maximum temperature gradient across the channel, hydrogen

velocity, and pressure drop per inch of coolant travel for coolant bulk temperatures of 200 and 400

degree R, respectively. Using the low cycle fatigue (LCI_ data for NASA-Z copper, a life of 500

cycles corresponds to a maximum strain of 1.7%. Using the relationship of % strain = 2 oc AT,

and a thermal coefficient of expansion of 9.89E-06 (in/in F), the re,qttimd temperann-c gradient

across the channel is 859 degrees.

Using these trends the parametric analyses were completed to define the

geometry of the throat coolant channel. The operating condition evaluated was the worst case

cooling condition imposed by the operating point of MR = 7 & Pc = 2300 psia. The channel

geometry was optimized at the throat based on a maximum aspect ratio (channel depth to width) of

10:1, a maximum temperature gradient across the channel of 860 degrees R (cycle life of 500),

and a maximum gas side wall temperature of 700 degree F. Hydrogen inlet temperatures were

evaluated over the range of 100 to 500 degree R. The hydrogen entered the regen jacket at an area

ratio of 28: I, flowing counter to the gas stream. A gradual transition zone (no step machining)

was assumed for the coolant channel geometry. Optimization of the channel design was estab-

lished to minimize thermal strain levels in the throat area thereby promoting extended cycle life.

However, by decreasing the channel temperature differential a reduction in the temperature differ-

ential across the wall was also realized.
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Figure 3.5.4-13 illustrates the channel and land width definitions. Figures

3.5.4-14 and 3.5.4-15 show expected coolant pressure drops from an exit area ratio of 28:1 to the

throat for various nozzle channel depths and land widths at hydrogen inlet temperatures of 120 &

300 degree R, respectively. The pressure drop to the throat becomes fairly insensitive to nozzle

channel widths above 0.025". When the nozzle land width is increased the high velocity associ-

ated with the throat channel geometry is maintained for a longer distance resulting in a pressure

drop increase.

Figure 3.5.4-16 illustrates the pressure drop expected through the entire

regen cooled jacket as a function of hydrogen inlet temperature for several barrel coolant channel

geometries. A cross-plot of the same information but as a pressure drop versus barrel coolant

channel geometries for three hydrogen inlet temperatures is shown in Figure 3.5.4-17. The nozzle

land width assumed was the optimized nozzle land width of 0.011" indicated in Figures 3.5.4-14

and 3.5.4-15. The nozzle coolant channel width used in the study was 0.03". Other parameters

held constant are indicated on the graphs. Figure 3.5.4-18 indicates the delta increase in pressure

drop associated with various non-optimized land widths.

Figure 3.5.4-19 shows the channel depth at the throat plane for a channel

width of 0.01" and hydrogen temperature exiting the regen jacket versus inlet hydrogen tempera-

ture. Also included on the chart is the effect of hydrogen inlet temperature on the maximum throat

temperature associated with a delta temperature across the channel of 860 degrees R. Pressure

drops for the high thrust MR = 5 operating point can be approximated by multiplying the pressure

drop associated with the MR = 7 condition by 1.29, this is the square of the ratio of the hydrogen

flow rate atMR= 5 to that at MR = 7.

3.5.4.1.3 Analysis Conclusions

The nominal regen-cooled jacket gas side wall temperature profile for the

worst case condition (MR = 7, Pc = 2300 psia) is shown in Figure 3.5.4-20. This was the worst

case in terms of wall temperature control due to the high chamber pressure and low hydrogen

coolant flow rate (high mixture ratio). The maximum throat gas side wall teraperature at the nomi-

nalflOW rate and coolant channel geometry for this high MR, high chamber pressure condition is

723 degree F. Maximum nominal throat gas side wall temperature for the MR = 5, Pc = 2075 psia

condition is 705 degree F. The low chamber pressure (200) psia maximum nominal throat gas side

wall temperatures for mixture ratios of 7 & 5 are -195 and -82 degree F, respectively.
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233



OTV Regen Jacket - 7.SK

_PJacket vii H 2 Inlet, tamp for Vadous

Channel Geometries In Barrel

WN = .03"

LN = .011"

1600 - (O/W)max = 10
ZITchan = 880 (n = SO0cycles)

Wthroat = .01"

Lthroet = .011"

1400 - twt = .02" /

tbs, t = .02"

tWnoz = .06" ,,
tWbarre I = .06 ,_ / /

,-, 1200- PIn : SS87 pela _ ._'/ /

f o."

800-
<1

_// ...o¢ ._o._1_.y .

Wb = Barrel Channel Width

Lb = Barrel Land Width

I I I I I I

100 200 300 400 503 600

Hydrogen Inlet Temperature °R)

Figure 3.5.4-16 Pressure Gradient for Regen Jacket vs. Hydrogen Inlet
Temperature
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(To be Added to Results from Figure 3.5.4-17
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Figure 3.5.4-18 Nozzle Land Width vs. Pressure Orop for Varying Hydrogen

Inlet Temperature
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Accounting for the manufacturing tolerances, the maximum gas side wall

temperature at the throat region for the MR = 7, PC = 2300 psia is predicted to be 879 degree F.

Figure 3.5.4-21 shows the throat wall temperature as a function of the positive tolerance range.

3.5.4.1.4 Analysis Methodology

The finaldesign fortheregen cooledjacketwas based on various

interactingstructural,thermal,hydraulic, and fabricationconsiderations.The minimum channel

width was setat0.01 inchescoupled with amaximum aspectratio(channcldepth to width)of I0.

The minimum landwidth was equal to0.01I". The abilitytoachievethcscdimensions was

demonstratedon theOTV 3K IbfTCA IR&D program. To minimize thepressuredrop throughout

thesystem,an aspectratioof I0 forthecoolingchannelswas setas thedcsignlimit.The tolerance

used inthechamber dcsignanalysiswas +/-0.002 inches.

The wall strength criteria used in designing channels is based on fully-elas-

tic hot walls. The maximum allowable channel width to gas side wall thickness with tolerances is

given as:

W max

tW rnin
= 1.414 (Fty/APma x) *'*.5

where:

Wmax

tWmin

Fty

APmax

= max channel width (in.)

= min gas side wall thickness (in.)

= ultimate yield strength (psi)

= max coolant channel pressure drop (psi)

The regen cooled jacket design procedure began with the assumption of the

inlet H2 stagnation pressure and temperature for the MR - 7, PC = 2300 psia operating condition.

For a given channel width, the wall strength criterion defines a minimum wall thickness. The

selected land width and channel width at the throat plane defines the number of cooling channels

required for the regeneratively cooled chamber design. The channel depth is determined based on

the maximum allowable wall temperature, maximum aspect ratio, and maximum temperature gradi-

ent from the gas side to the back side of the channel to satisfy the required cycle life. The maxi-

mum delta temperature to obtain a cycle life of 500 was calculated with:
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ATma x = % e/(2 * a)

where:

ATmax

%e

(X

= max temperature differential

= percent strain

= thermal coefficient of expansion

The regen cooled jacket is designed to operate at a chamber pressure range

of 200 to 2300 psia for a corresponding MR range of 7 to 5. Table 3.5.4-3 provides the resultant

nominal thermal and hydraulic characteristics for the four operating conditions for the proposed

hardware design. Appendix A-4 contains selected resultant SINDA single channel temperature

distributions. The local channel widths, lands, wall thickness, and depths are summarized in Table

3.5.4-4 and are illustrated as a function of axial distance from the throat in Figure 3.5.4-22.

3.5.4.1.4 Gas Side Boundary Conditions

The gas side heat flux profile for the high and low chamber pressure

operating conditions are shown in Figures 3.5.4-23 and 3.5.4-24, respectively. The gas side heat

transfer coefficient is evaluated with the Bartz correlation:

_8 .4
Nuf --- .026 Cg Ref Prf

where:

Nuf

Cg

Ref

Prf

= Nusselt number

= heat transfer correlation coefficient (Bartz correlation)

= Reynolds Number

= Prandtel Number

All properties are evaluated at a film temperature equal to the average of the

wall temperature and the adiabatic wall temperature. All property and temperature data assumed a

fully mixed gas and were obtained from the TRAN 72 computer program. The Cg profile was

developed from the OTV 3K lbf thrust level program. A discussion follows.

The Cg profile used to calculate the gas side heat transfer coefficients in the

barrel section are based on the test results of OTV 3K lbf test #2459-120-A6-147.

IPr_| i ._3 J.Tal_
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Figure 3.5.4-24 Gas Side Wall Heat Flux vs. Axial Distance From

Throat at Pc = 200 psia
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The correlated Cg profile is shown in Figure 3.5.4-25. Since the injector element type and cham-

ber contour are the same for both the 3K lbf and the 7.5K lbf thrust level engines, the test data of

the 3K lbf thrust level engine was used to establish the gas side boundary conditions for the higher

thrust engine. The referenced test was believed to be an acceptable representation of heat flux

trends for the OTV 7.5K lbf design due to the similarity in mixture ratio between the test data and

the nominal MR in the final design. The MR in test # 147 was 6.2, whereas, the nominal MR for

the 7.5K lbf engine is 6.0.

In test # 147 (Pc -- 517 psia), the uncorrected Cg values describing the

convergent section and throat heat flux conditions indicate that the flow relaminarized during accel-

eration. However, the relaminarization is not expected to occur when the Pc increases to 2000 psia

at the high thrust operating condition due to the high Reynolds number. Therefore, the Cg results

from the converging/nozzle region are not used for the 7.5K lbf thrust level boundary condition

evaluation. The throat Cg assumed in the original 3.0K lbf thermal design, without accounting for

the flow relaminarization, was 0.81; this value was maintained in the 7.5K lbf design as was the

Cg profile in the nozzle region. For the convergent section the Cg's are assumed to vary linearly

as a function of area ratio from the value at the aft end of the barrel section to the value at the throat.

Figure 3.5.4-26 illustrates the predicted converging section and nozzle Cg profile.

3.5.4.2 Regenerative Cooled Baffles

3.5.4.2.1 Background

The high contraction ratio of the chamber makes incorporation of a heat

exchanger, extending into the combustion chamber possible. A regen cooled baffle assembly pro-

rides additional surface area exposed to the hot combustion gases. The added hydrogen tempera-

ture increase is required for the 2000 psia chamber pressure baselined for the dual propellant

expander cycle.

As the TCA design was scaled up in thrust level, use of oxygen to cool a

center beat exchanger (or centerbody) was not technically feasible, due to the poor cooling qualities

of oxygen. In addition, the required inCrease in heat input to the hydrogen would have to come

from the chamber resulting in a longer L'. To maintain the balance between a high exit area ratio,

maximum performance, an engine storage envelope of 60 inches, and a reasonable L', the burden

of heating the remaining hydrogen was put on a heat exchanger, this is the regenerator.
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Figure 3.5.4-25 Regen Barrel/Baffle CG Profile vs. Axial Distance From Injector
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The initial design of the radial baffles included a center mounted igniter

design. The igniter was flush with the injector face. During ignition, a hot combustion zone was

present along the inner edges of the baffles. Subsequent thermal analysis of the baffle plates indi-

cated that the comer channels, along the inner edge of the baffle, could not be cooled within the

IO00°F wall temperature criteria. High temperatures were predicted during the low pressure

operating conditions (Pc = 200 psia). The hydrogen velocity could not be increased to adequately

cool the walls wthin design criteria without approaching sonic velocities.

Because of the severe thermal environment posed by the center mounted

igniter, the igniter position was moved. By introducing the igniter through the side wall of the

chamber, the ignition flame was not directed on the edges of the baffles. The edge of the baffles

are difficult to cool because of the heat input from two sides. The faces of the baffles are easier to

cool because heat is being input into the channel in one direction only. No further thermal analysis

was undertaken at this time.

3.5.4.2.2 Analysis Conclusions

For baffle wall temperature control, the MR = 7, Pc = 200 psia operating

condition represents the worst case. At MR = 7 the hydrogen flow rate is low and hence the

cooling effectiveness is poor when compared to that at a mixture ratio of 5. Also, at the chamber

pressure of 200 psia, the hydrogen bulk temperature at the exit of the baffle channels (which is

assumed to be equal to the hydrogen inlet temperature at the turbine) is required to be approxi-

mately 820 degree F for power balance considerations (the corresponding required hydrogen exit

temperature from the baffles for the Pc = 2300 psia, MR = 7, and Pc = 2075, and MR = 5 cases

are only 540 degree F and 440 degree F, respectively). For the MR = 7, Pc = 200 psia condition a

high hydrogen bulk temperature requirement coupled with a low hydrogen flow rate results in a

poor combination of parameters in terms of controlling the maximum gas side wall temperature. At

this operating condition the maximum baffle gas side wall temperature at the nominal flow rate and

channel geometry is 1027 degree F. As previously noted, operating time below 500 psia chamber

pressure would need to be restricted or the MR decreased to 4 or 5 to extend engine life.

Figure 3.5.4-27 illustrates the nominal gas side wall temperature profde for

the baffle at the above mentioned operating condition. A benign boundary condition is assumed in

the interior edge region adjacent to the igniter due to the hydrogen bleed in that area. At the baffle

edge region adjacent to the chamber wall a gap of approximately 0.030 inches is assumed and is

also considered to have a benign boundary condition. As a result, 48 of the 672 channels will not
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see the same heat load as the remaining channels and are considered to have negligible heating.

The maximum wall temperature occurs in the channel exit plane of the baffle when tolerance effects

and a 4.0% flow maldistribution due to the 48 unheated channels are considered. The maximum

predicted wall temperature is 1080 degree F for this condition.

A schematic of the baffle edge and side regions is shown in Figure 3.5.4-

28. The dimensions for the edge channels are indicated in Figure 3.5.4-29. The comer channel in

the baffle edge region adjacent to the igniter port is responsible for cooling a much greater surface

area than its nearest neighbors. Several of the baffle edge concepts are shown in Figure 3.5.4-30.

The heating is assumed to occur only in the radinsed region at the aft end of the baffle (as described

above) where the hydrogen bled from the igniter region mixes with the hot gas. A SINDA model

of this channel based on its nominal dimensions was developed and a thermal analysis at a MR =

7, and Pc = 200 psia was conducted. The resulting maximum wall temperature as a function of

local hydrogen temperature is shown in Figure 3.5.4-31. The anticipated local hydrogen tempera-

ture and resulting wall temperature is 155 degree F and 805 degree F, respectively.

The resulting regeneratively cooled baffle channel geometry is summarized

in Table 3.5.4-5. There are a total of 672 channels in the baffle system. After the hydrogen exits

the regeneratively cooled jacket near the injector face, it is plumbed to the baffles to provide

cooling. The cooling channels in the baffle are a two pass design; the hydrogen flows down one

side of each baffle (parallel to the gas flow), changes direction in the radiused region at the aft end

of each baffle (see Figure 3.5.4-32) and counter flows back to its exit near the injector face.

3.5.4.2.3 Analysis Methodology

The baffle cooling channel geometry is designed to accommodate the con-

ditions at the MR = 7, Pc = 200 psia operating condition. Because the required hydrogen bulk

temperature at the baffle exit is high (near 820 degree F) for power balance considerations and the

hydrogen flow rate is low due to the high mixture ratio, controlling the wall temperauare is most

difficult at this operating condition when compared to other conditions evaluated. The channels

were designed assuming construction using a diffusion brazed platelet stack method. For ease of

fabrication the channel geometry was designed to remain non-varying throughout the entire hydro-

gen flow path. As a result the gas side wall temperature is the lowest at the hydrogen inlet to the

baffle where the hydrogen is the coolest and increases as the hydrogen heats up. The minimum

wall thickness is determined in the same manner as the regen cooled channels. The number of
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Table 3.5.4-5

Summary - Regen Baffle Channel Geometry

ORBITAL TRANSFER VEHICLE ENGINE INJECTOR DESIGN

BAFFLE ARRANGEMENT
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BAFFL E CHANNEL GEOMETRY
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OTV BAFFLE BLADE SCHEMATIC

AFT END

RADIUSED REGION

Figure 3.5.4-32 Baffle Blade Schematic
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cooling channels and flow rate through each channel is determined based on the total exposed sur-

face area of the baffle for a given land and channel width.

The baffle blade local Cg's used in the 7.5K lbf baffle design are based on

the 3K Ibf outerbody Cg's coupled with heating trends inferred from the GEMSIP Baffle Heat

Transfer Analysis (Reference 3).

The GEMSIP baffle blade study indicates that there is an unusually high

heat transfer rate at the end of the baffle (referred to as the "tip effect"). This enhancement was

believed to be caused by either a zone of high combustion turbulence or a boundary layer separa-

tion. The first explanation may be a function of injector type and combustion characteristics and

thus would be difficult to quantify without more data. The latter explanation would describe the tip

effects as a function of the flow characteristics in the vicinity of the blade tip and would be inde-

pendent of blade length. In order to provide a better understanding of the cause of the enhance-

ment, a study using different lengths of baffle blades would be needed, however this type of study

is beyond the scope of work under this current contract. Therefore for OTV boundary condition

evaluation the heat transfer behavior near the blade tip is treated as if the phenomena is due to flow

separation caused by the physical presence of the baffle tip.

The GEMSIP results are illustrated in Figure 3.5.4-33. The flux begins to

increase dramatically as the tip is approached from the side value corresponding to an axial dis-

tance 1.6 inches upstream of the tip (the steady increase in heat flux from the injector to this side

point shown in Figure 3.5.4-33 is attributable to the entrainment of hot gas into GEMSIP's film

cooling region). The tip flux increases to approximately 120% of this side value. The local Cg

value for the OTV 7.5K Ibf engine at the blade tip is assumed to follow the same trend. The

resulting baffle Cg profile is included in Figure 3.5.4-34.

3.5.4.3 Heat Transfer Correlations

3.5.4.3.1 Coolant Side Heat Transfer Correlations

The coolant side heat transfer and pressure drop correlations utilized are the

same for the regeneratively cooled chamber and baffles. A brief description follows.

The forced convention heat transfer coefficients for hydrogen are evaluated

using the Hess and Kunz correlation (Reference 4).:
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Nuf = .0208 Ref_O prf.4o (1. + .01457
_t_ob

where:

Nuf

Ref

Prf

_Zw

_zb

Pw

PB

= Nussclt Number

= Reynolds Number

= Prandtel Number

= fluid viscosity, wall temp

= fluid viscosity, bulk temp

= fluid density, wall temp

= fluid density, bulk temp

The boundary layer in the channel is assumed to be fully developed at all

locations in the baffle and regen-cooled jacket.

3.5.4.3.2 Coolant Pressure Drop

The coolant pressure drop within a cooling channel relating the exit static

pressure to the inlet stagnation pressure is calculated as:

zXPs = zXPinlet + z_Pfric + ZXPdyn

The inlet pressure loss was calculated assuming a 1/2 dynamic head loss

for flow contraction. The friction pressure loss was based on the following friction factor:

f = .0055 [1. + (2.0E4 * e/D + 106/Re) .33333]

where:

f = friction factor

= wall roughness

D = hydraulic diameter

Re = Reynolds number

A roughness of 125.0 E xl0 -6 inches was used. Baffle turn losses associ-

ated with the radiused region of the baffle were negligible. These losses (Figure 3.5.4-35) for the
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heated channels were estimated from resistances of a rectangular duct and found to have a dynamic

head loss of less than 0.03. Because the dynamic head loss is low, these losses are not included in

the pressure loss calculation.

3.5.5 Mechanical Desima

This section describes the design of the test bed Thrust Chamber Assembly

(TCA) for the 7.5K lbf thrust level OTV engine. The test bed TCA components, illustrated in

Figure 3.5.5-1, include: igniter assembly, injector, baffles, and hydrogen cooled outer chamber

and throat. Modifications for the flight weight TCA are based on this design and discussed else-

where in this report.

3.5.5.1 Thrust Chamber Assembly (TCA)

The baseline 7.5K lbf thrust level TCA test bed conceptual design is shown

in Figure 3.5.5-1. The igniter is mounted on the side, however, rather than at the center as

assumed in the heat transfer analysis. This will affect the boundary conditions for the baffle plate

edges and the final design. Removal of the igniter from the center provides a more benign thermal

environment for the baffles during ignition.

The chamber was designed to use NASA-Z copper with a electmformed

NiCo alloy close, out (see Reference 5). The inlet for the hydrogen coolant is at the aft nozzle at a

28: I exit area ratio. Hydrogen coolant flows axially counter to the combustion gas flow. Design

of the coolant channel contour was discussed in Section 3.5.4-1. The channel geometry shown

reflects the lowest pressure drop configuration obtainable given the coolant flow rate and

requirements. The chamber is bolted to the injector with 16 high strength bolts. In a flight

chamber this would be a welded assembly.

Manifolding to route the hydrogen from the regen chamber to the baffle plate

inlet is contained within the flanges. The chamber coolant channels flow into a common annular

manifold. Localized ports deliver the high pressure hydrogen to each of the 8 baffle plates. The

two pass hydrogen cooled baffle exits into a tubular manifold which is then connected to the tur-

bine inlet. The baffle plates are individually formed from a diffusion bonded ZrCu platelet stack.

A center post containing active injector elements balances the void left by the

encompassing baffle plates. This center post extends the length of the b',fffle, thus the b-,d'fle is

'_''_""_" 263



H 2 Exit Manifold

From Baffles 7 _ H2 Inlet

Manifold

_" _'_ll Cooled Baffle ,1 Platelet \

_L_ J II (8 Places) Face -_
H Inlet
Manifold2 II II

For Baffles
Injector
Fuel Feed

Manifolds

IgniterPort

Figure 3.5.5-1
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7.5K Ibf OTV Thrust Chamber Assembly Concept
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protected against heat input along the edges. The edge of the baffle is the most difficult to cool

since there is heat input from two sides. Hydrogen is separately routed through the middle to feed

the elements (Figure 3.5.5-2). The oxidizer flow is diverted internally from the oxidizer manifold.

Analysis of this component has not been completed to determine number and size of elements, and

coolant passage size.

The hydrogen is delivered to the injector though the side into an annular

manifold. Cross drilled holes connect to a center fuel feed annulus where EDM'd slots feed each

injector element. The oxidizer dome, welded to the backside of the injector, delivers the oxidizer to

the through-drilled injector passages.

A diffusion bonded Nickel face plate forms the 'T' triplet element. The pos-

sibility of using the high strength nickel base Inconel alloys for the injector manifold is being con-

sidered to reduce weight.

3.5.5.1.1 Igniter

The ignition mechanism, also referred to as a "torch igniter" consists of a

aviation type spark plug with separately plumbed fuel and oxidizer lines providing an oxidizer rich

flame through the core ( Figure 3.5.5-3). The igniter assembly is introduced through the side of

the injector. Two assemblies are used in accordance with the manrating requirement.

This igniter design was verified during hot f'tre tests using the 3K lbf test

hardware. The actual hardware is shown in Figure 3.5.5-4.

3.5.5.1.2 Injector

The injector design is based on the 'T' triplet premix element (Figure

3.5.5-5), tested as part of the 3K lbf thrust level program. This injector consisted of 2 annular

rows of elements (36 elements per row) canted at 20 degrees around the centerbody. Thrust per

element rating for the 3K lbf injector was 45 lbf for the 36 elements in the outer row and 38 lbf for

the 36 elements in the inner row. Baseline element design for the 7.5K lbf injector utilized the

geometry of the outer row of elements on the 3K lbf design. Utilization of an 8-baffle blade

geometry for the 7.5K lbf TCA design divides the injector into 8 pie shaped segments. The thrust

rating per element yielded 21 elements per segment for a total of 168 elements. Table 3.5.5-1

offers a comparison of the baseline designs for the 2 thrust level TCA's. Figure 3.5.5-6 illustrates

the injector designs discussed.

JdUl_lDO0q I _3 _-T_
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Stainless Steel Body Nickel Face

Figure 3.5.5-5 Modified "1" Triplet Premix Injector Element
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Injector design goals are listed in Table 3.5.5-2. These goals were selected

to achieve the overall operational goals defined for the OTV engine. Use of gaseous phase propel-

lants was selected as the best approach for providing the capability for wide range throttling and

Mixture Ratio (MR) operations.

Specific design parameters for the injector are listed in Table 3.5.5-3.

These parameters were identified by performing a system analysis of the OTV engine. The overall

design goals are utilized to determine specific information on flowrates, pressure and temperature

of the propellants being delivered to the injector. Nominal operational parameters for thrust,

chamber pressure, specific impulse, and mixture ratio were selected as the design point.

Dimensions of the injector face were determined by the OTV engine design, specifically: chamber

design, chamber contraction ratio, and injector element.

The injector assembly is designed to accept gasified fuel from an external

line routing from the fuel turbine exhaust. Exiting from this line, the fuel enters a comn_n annular

manifold as shown in Figure 3.5.5-7. Thru holes between the bolts, connect this annular distri-

bution manifold to a secondary annular distribution manifold within the bolt circle. From this dis-

tribution manifold, fuel passages are electron discharge machined (EDM'd) between the oxidizer

downcomers. Slots are depth cut into the manifold face. Thru drilled holes connect the passages

to the slots. The redundancy in distribution manifolds is only to accommodate the test bed hard-

ware. For the actual flight hardware, the bolts and outer distribution manifold would be eliminated

thus reducing the overall external diameter and weight. Welding of the components would provide

the leak-free joining mechanism.

An external line carries the gasified oxidizer from the oxidizer turbine

exhaust into the oxidizer dome which encompasses the top of the injector. A splash plate is

included to uniformly distribute the oxidizer prior to routing through the oxidizer posts. In this

design, the oxidizer posts are thru drilled holes in the injector manifold. This eliminates internal

brazing and interpropellant leakage paths.

The element pattern is contained in a stack of Nickel platelets which are dif-

fusion bonded to the manifold. Platelets from the 3K lbf thrust level TCA which contain this "I"-

triplet pattern are shown in Figure 3.5.5-8. The 'T' triplet pattern was previously illustrated in
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TABLE 3.5.5-2

INJECTOR DESIGN GOALS

Energy Release Efficiency

Throttling

Mixture Ratio (MR)

Uniform and Predictable Combustion

Chamber Heat Flux at High Contraction

Ratio (24.9:1)

Stable Combustion

Pressure Drop

Cycle Life

Operating Life

Fabrication

Proof Pressure

*Compliance with Combustion Guidelines Chemical Propulsion
Information Agency (CPIA)

>99.5%

10:1

5-7

10 Btu/sec in.2

CPIA 247*

<15% of Pc

500 Cycles

20 Hours

Low Cost

3500 psi
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OTV INJECTOR DESIGN PARAMErERS

I.

.

a.

b.

C.

2.

a.

b.

C.

DESIGN PARAMETERS (Nominal)

A. Thrust, lbf (vacuum) - 7500

B. Chamber Pressure, psia- 2000

C. Propellants

Fuel - GH2

03 = 2.19 0b/see)

P = 2530 (psig)

T = 768 (°R)

Oxidizer - GO2
i

03 = 13.79 (lb/sec)

P = 2645 (psig)

T = 784 (°R)

D. M.R.- 6.0

E. Injector Face O.D. = 7.64"

F. Isp = 480 sec

G. Baffles

1. 8 Blades

2. 0.5" thick x 5" axial length (from injector face)
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INJECTOR FUEL FEED MANIFOLDS

©

©

©
©
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(8 plcs) FACE

INJECTOR FUEL FEED
MANIFOLDS

Figure 3.5.5-7 7.5K Ibf o'rv TCA
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Figure 3.5.5-3. The fuel passages are routed and put through a 90' bend to impinge on the oxi-

dizer stream. A cup provides an area for mixing of the fuel and oxygen prior to injection into the

chamber for combustion.

Finalization of the element design is dependent on the results of the hot fire

testing of the 3K lbf thrust level injector. Because the dual propellant expander cycle depends on a

specific heat input into the regen cooled components, verification of this value is necessary. Fine

tuning can be done to the element dimensions in the design phase if the nominal heat flux levels are

not met.

3.5.5.1.3 Regenerative Cooled Baffles

The 8-baffle plates are designed as a separate integral assemblies as shown

in Figure 3.5.5-9. Hydrogen passages are chemically etched in ZrCu platelets which are diffusion

bonded together (Figure 3.5.5-10). The baffle plates are cooled with hydrogen which flows down

one side, across the radiused bottom, and back up the opposite side. The two opposing ends of

the baffles are cooled in a similar manner. Common manifolding in the baffle plate feeds the inlets

to the side and end passages (Figure 3.5.5-I 1). Exiting hydrogen is collected in a separate com-

mon manifold adjacent to the inlet. External lines are connected to these manifolds for further

routing of the fuel.

The baffles are fabricated from ZrCu platelets which are diffusion bonded

or diffusion brazed together. Each blade is 0.5 inches thick, 3.13 inches wide (radially) to the

point of contact between two adjacent blades, and 5.19 inches long. The last 0.25 inches of bat'fle

axial length are radiused in order to minimize fluid flow pressure drop in the coolant turnaround

region.

Two methods of support and inlet/outlet coolant flow paths are possible:

from the injector face or from the chamber walls. The structural complexity and uncertainty asso-

ciated with the attachment of the baffle assemblies to, and coolant flow through, the chamber walls

directed the design toward an extension from the injector face.

Attachment to the injector and inlet/outlet manifolding was approached by

having the baffle assembly a completely sealed unit to avoid leakage between the coolant and the

propellants.
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Figure 3,5.5-9 Baffle Assembly
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11

Figure 3.5.5-11 Baffle Manifolding Details
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The injector manifold has mating slots cut for the plates to be slid into place

from the backside. Brazing of the contacting surfaces of the baffle and the manifold slots seal the

units in place. Mechanical seals prevent leakage from the flange inlet port to the baffle and a

welded junction prevents leakage as the baffle exits into a common manifold.

3.5.5.1.4 Chamber

The flow circuitry consists of a single pass of hydrogen flowing counter to

the combustion gas stream. The hydrogen enters at an area ratio of 28:1 and exits at the injector

face plane. A total of 233 cooling channels is proposed for the regen cooled jacket. The channel

inlet (at an area ratio of 28:1) must accommodate additional heating due to the presence of the

flange. However, no heating problem is anticipated due to the low hydrogen temperature and lmv

heat flux in this region.

The coolant channels in the converging and diverging sections of the

regeneratively cooled jacket are fabricated using a straddle mill cutter. This technique provides a

smooth transition in channel width from the value at the throat to the values in the barrel and noz-

zle. The L' (injector face to throat distance) is 9.8 inches. The radius of curvature normalized to

the throat radius for the start of the converging section; upstream of the throat; and downstream of

the throat is 2.0, 1.5, and 1.5, respectively. The convergence angle is 40 degrees. The gas side

wall material is NASA-Z copper. The back side material is NiCo. The chamber barrel diameter is

7.64 inches, the throat diameter is 1.526 inches.

The channels adjacent to the baffle edges in the barrel section will not see

the same heat load as the channels adjacent to the hot gas flow field therefore the outlet hydrogen

temperature of 820°F represents a mixed mean hydrogen temperature. Because the hydraulic _

resistance for the heated and unheated channels in the barrel section of the regen cooled jacket is

small compared to the rest of the chamber, the flow maldistribution is considered negligible.
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3.6 SPACE BASING CONSIDERATIONS

The OTV can be ground based or space based. On a ground based vehicle maintenance

can be accomplished after every mission, often in a shirt-sleeve environment. A full complement

of maintenance equipment can be readily available in a specially designed facility. Under such

conditions the engine design can be biased towards integration with the vehicle and low weight at

some sacrifice in ease of maintenance access. With a space based system there is a premium on

reliability and a design emphasis on access to selected components by personnel in spacesuits.

Aerojet has assumed that the Orbit Transfer Vehicle will be space based with routine servicing per-

formed in a maintenance hangar at the Space Station. An alternate location in the 21st century is

maintenance at a Lunar base. The maintainability concept outlined in Section 3.6.3 assumes space

basing.

Space basing and ease of vehicle/engine checkout are also criteria for the health man-

agement approach discussed in Section 3.6.2. The effects on the engine design from the space

environment itself are discussed in Section 3.6.1.

A summary of space basing considerations is given in Table 3.6-1. Only those most

important to the engine design are discussed in the sections that follow.

3.6.1 Space Environment Effects

3.6.1.1 Vacuum Operation

The most immediate exploitation of space operation is the design of the

engine without a purge system. Mechanically separate turbopumps using only hydrogen or oxy-

gen avoid the need for a turbopump purge. The ready dissipation of the cryogenic propellants in

space prevents concentration in densities that would lead to flash ftres or explosion during TPA

chilldown and engine start and shutdown. This is a major reduction in engine system weight and

complexity.

A secondary benefit of vacuum operation is the ability to design a leak detec-

tor that will pick up very low pressures of oxygen or hydrogen in the engine compartment and

warn of a leak before it progresses to a dangerous state. This is a difficult task in an air environ-

ment as most detectors are unable to discriminate between gases at normal concentration in the air

and those progressing to an abnormal concentration.
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3.6.1.2 Materials Selection

High performance LO2/GH2 engines generally use a copper alloy for the

combustion chamber. Copper alloys are also candidates for cooled nozzle extensions and heat

exchangers. One of the concerns in materials selection for space use is the suitability of copper

alloys for structures exposed to the radiation environment. Radiation exposure can change the

structural bonds and physical properties of materials. Table 3.6.1-2 summarizes the effects of two

levels of radiation exposure on various copper alloys. In the column under yield strength (YS)

note that oxygen free (OF) copper actually improves in strength after a 15 dpa exposure,* DS cop-

per C15720 (an older GLIDCOP formulation) is relatively unchanged, and zircouima copper

(Zr-Cu), has a dramatic reduction in yield strength. Zr-Cu is typical of precipitation hardened

copper alloys, and NASA-Z copper should show a similar change in properties. Also, the last

column shows the area reduction of samples under radiation exposure. Note that OF copper test

sample shrink dramatically as does those of Zr-Cu. Structural shape, welds, and mechanical

fasteners are all suspect under such a dramatic change in physical size. The opposite effect, a

swelling of the copper alloy, is documented in Table 3.6.1-3 for neutron irradiation. Again, OF

copper and precipitation hardened coppers such as NASA-Z and Zr-Cu are most affected. A

dispersion hardened copper such as DS C15720 is affected but less severely.

The total radiation exposure is dependent on the type of mission and the

number of years operation in space. Transit through the VanAllen belts and Lunar missions will

greatly increase exposure compared to low earth orbit operation. Exposure to one large solar flare

could give a radiation dose equivalent to years of normal operation. The prudent design course is

to use copper alloys relatively impervious to radiation. The DS coppers (GLff)COPs) and Cu-Mg-

Zr-Cr copper are the best candidates identified to date.

3.6.2 Health Management A_o_oroach

3.6.2.1 Health Monitor and Control Sensors

The engine health monitor and control sensors are shown on Figure 3.6.2-1

and listed in Table 3.6.2-1. Also, Table A-2.2 in Appendix A-2 lists the following information

for each sensor.

• Sensor identification

• Component on which the sensor is installed

• Location of sensor on component

*SCM Metal Products Technical Bulletin #1428
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TABLE 3.6.1-2

OTV ENGINE MATERIALS SELECTION

• Thrust Chamber Assembly in a High Radiation Environment

Tensile Properties of Neutron Irradiated Copper Alloys

Matedal/Condition

Copper:.
Marz:*

OF:

Control

3dpa
15 dpa
Control

3dpa

15 dpa
DS Copper:.

C15720: Control

3 dpa

15 dpa
C15760: Control

3 dpa

15 dpa

Precipitation-
Hardened:

Cu-Zr: Control

3 dpa
15 dpa

Cu-Mg-
Zr-Cr: Control

3 dpa
15 dpa

YS

ft a)

31
33
41
26
51
49

337
353
343
397
402

379

271
274
71

431
379
284

152
155
149
196
200
185

395

411
395

466
468
449

334
317
226

458
437
354

Elongation

24
25
17
27
30
24

14
14
20

12
10
11

9
9
34

10
13
17

Reduction in

Area (%)

89
80
48
90
59
46

48
51
5O

56
43
5O

70
73
44

61
56
57

*Marz - Commercial name SCM Metal Products, Cleveland, Ohio.
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TABLE 3.6.1-3

OTV ENGINE MATERIALS SELECTION

* Thrust Chamber Assembly in a High Radiation Environment

Swelling of Neutron Irradiated Copper Alloys

Material

Copper

Marz grade (99.999%)

OF grade (99.95%)

DS Copper:
C15720

C15760

Precipitation Hardened:
Cu-Zr

Cu-Mg-Zr-Cr

Volume % Increase After Irradiation
i

3 dpa 1

1.8

2.1

0.8
1.1

nil

nil

15 dpa 2

6.8

6.6

0.9

0.6

3.6

nil

13 dpa corresponds to fluence of 0.4 x 1026 n/m 2 (F.n > 0.1 MeV)

215 cipa corresponds to fluence of 2.0 x 1026 n/m 2 (F.n > 0.1 MeV)
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TABLE 3.6.2-1

OTV ENGINE SENSORS

Parameters

1. Turbopump Sensors

Shaft Displacement (3 Axes)

Speed

Pump Discharge Pressure
Pump Discharge Temperature

Pump Flow
TPA Vibration

Pump Interstage Pressure

Pump Interstage Temperature

Turbine Interstage Pressure

Turbine Interstage Temperature

Turbine Inlet Temperature
Turbine Inlet Pressure

Turbine Inlet Flow

Pump Inlet Temperature

Turbine Discharge Pressure

Turbine Discharge Temperature

2. Boost Pump Sensor

Bearing Outer Race Deflection/Speed
Vibration

Pump Inlet Pressure

Pump Inlet Temperature
Turbine Inlet Flow

3. Combustion Chamber Sensors

Chamber Pressure

Coolant Outlet Pressure

Baffle Coolant Outlet Pressure

Baffle Coolant Outlet Temperature

Throat Surface Temperature

Function

HM-1

HM-1
Control

Control
Control

HM-1

HM-2

HM-2

HM-2
HM-2

Control
HM-1

HM-1

HM-2

HM-2

HM-2

HM-1

HM-2
HM-2

Control
HM-2

Control

HM-1

HM-2

HM-2

HM-2
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Parameters

4. Nozzle Sensors

TABLE 3.6.2-1

OTV ENGINE SENSORS (Cont.)

Fuel Coolant Inlet Pressure

Fuel Coolant Inlet Temperature
Oxidizer Coolant Inlet Pressure

Oxidizer Coolant Inlet Temperature
Oxidizer Coolant Outlet Pressure

Oxidizer Coolant Outlet Temperature

Function

HM-1

HM-1

HM-1
HM-1

HM-2

HM-2

5. Regenerator and Injector Sensors

Fuel Regenerator Outlet Temperature

Fuel Regenerator Inlet Temperature

Fuel Regenerator Inlet Pressure

Injector Fuel Inlet Pressure

Injector Fuel Inlet Temperature
Injector Oxidizer Inlet Pressure

Injector Oxidizer Inlet Temperature

Control

HM-2

HM-2

HM-1
HM-1

HM-1

HM-1
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• The sensor function

• Sensor weight

• Power requirements

The sensor selection is based on the technology that is expected to be avail-

able at the time of the engine system development.

The sensor functions are divided into three categories in order of priority;

Control, Primary Health Monitor (HM-1), and Second Level Health Monitor (HM-2).

Control sensors monitor critical parameters essential for engine control.

Redundant sensors are recommended for each of the eight control parameters. These sensors also

provide information to the health monitor system where applicable.

The primary health monitor sensors (HM- 1) monitor critical component

conditions and provide system status such as injector inlet conditions and chamber/nozzle cooling.

The second level health monitor sensors (HM-2) monitor less critical compo-

nent parameters which are used to detect component degradation and to provide system and com-

ponent performance assessment.

3.6.2.2 Sensor Configuration and Type

The basic sensor transducer types selected for the OTV engine are listed in

Table 3.6.2-2. The transducer types are either current state-of-the-art or under development.

NASA LeRC is funding the development of the three function capacitive displacement sensor

under Contract NAS 3-23772. The leak detector, specifically to detect low pressure hydrogen and

oxygen, is under development as a separate task on the same contract. The valve position sensor is

an application of the displacement sensor design. All other sensors are available in a form usable

for the OTV engine in the near future.

Specific sensor types are shown in Figures 3.6.2-2 through 3.6.2-8. These

were used in the component design to assure that sensors were baselined in the design and not a

retrofit.
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TABLE 3.6.2-2

SENSOR TYPES

Pressure - Silicon capacitive sensors for cryogenic temperature operation.

Temperature - 100 ohm Platinum Resistance Temperature Detector (RTD)

Flow - Vortex shedding with Piezoelectric sensing

Shaft Displacement/Speed - Three function capacitive displacement sensor

Bearing Race Deflection - Capacitive Displacement sensor

Valve position - Capacitive Displacement sensor (redundant sensors)
- Microswitch (for Open/Close Valves)

Acceleration - Piezoelectric sensor with built in preamplifier

Leak Detection - Distributed palladium based chemical gas detectors
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3.6.2.3 Health management

Task E.3 under contract NAS 3-23772 developed an integrated approach to

the engine control and health monitoring tasks. A comprehensive final report on the task was

issued in October 1988 as NASA CR-182122. It is listed in the references as Reference 6. It has a

detailed discussion on health management in the space-based environment. The basic requirements

of a health monitoring system are:

• Institute corrective action to prevent engine failure

• Correct off nominal operation

• Safely shutdown the engine when there is a component failure

• Provide engine status on pre- and post-flight

• Record operating data for later preventive maintenance action

• Alert vehicle flight crew of potential engine or component problems

• Provide data readouts to assist in troubleshooting

• Provide information for closed loop engine control.

The benefits expected from such a system are:

• Enhance system reliability

• Extend system life

• Reduce life cycle costs

• Improve mission safety

The results of the Task E.3 work are summarized in Table 3.6.2-3. The

additional work done in this preliminary design task focused attention on the actual sensors

needed, identified potential sensors, and assured that component designers included provisions for

the necessary sensors in the design. Also, weights and power requirements were estimated for use

in determining engine weight and operating power consumption. The combination of work done

under these two tasks has established a baseline for the engine detail design work in the controls

and health monitoring area.

3.6.3 Maintainability

In-space maintenance is a complex subject. Some of the considerations are

listed in Table 3.6.3-1. They cannot be addressed in detail without a better definition of the basing

and overall vehicle design. The intent of the Aerojet maintainability analysis was to concentrate on

RPT/I_i 1 8b-).6
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the engine and the components that could be changed out in space by astronauts in space suits.

The components ate listed in Table 3.6.3-2. The comments column contains frequent reference to

access near the vehicle/engine interface. This is a serious concern as the access door/opening has

to admit at least one astronaut in a bulky space suit with a tool kit.

The entry in the Table for complete engine removal may be the usual mainte-

nance operation rather than attempting to remove individual components with connections to high

pressure lines. The Aerojet design has reduced this operation to disconnect of four lines, separa-

tion of electrical connectors, and removal of the gimbal actuators. A list of separate operations for

engine removal is given in Table 3.6.3-3. Another option is to design a propulsion module such as

the OMS pod on the Space Shuttle for ready separation and removal from the vehicle. More

extensive trade studies and development of maintenance timelines are needed to realistically assess

any maintenance plan. In-space maintenance recommendations and conclusions are given in

Table 3.6.3-4.
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TABLE 3.6.3-3

OTV ENGINE REMOVAL OPERATIONS

Engine Centered, Nozzle Extended

Propellant Isolation Valves Closed

Electrical Power Removed from the Engine

Manual Operations:

- Electrical Harness Disconnected, Cannon Plugs Capped, Harness Stowed

- Extendible Nozzle Removed, Screw Assemblies Secured, Regen Cooled

Nozzle Edge Protector Installed

- Main Hydrogen Line Disconnected Below Shutoff Valve, Capped

- Main Oxygen Line Disconnected Below Shutoff Valve, Capped

- Hydrogen Tank Autogenous Pressurization Line Disconnected Below

Shutoff Valve, Capped

- Oxygen Tank Autogenous Pressurization Line Disconnected Below

Shutoff Valve, Capped

- Engine Handling Fixture Connected

- Engine Out gimbal Actuator Disconnected

- Control Gimbal Actuators Disconnected

- Flex Lines Restrained, Upper Engine Covered with Protective Material

- Prime Mover Connected to Engine Handling Fixture

Engine Moved out of Engine Compartment
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TABLE 3.6,3-4

OTV ENGINE IN-SPACE MAINTENANCE

Recommendations/Conclusions

A realistic assessment of in-space maintenance costs is needed to determine the cost

effectiveness of component changeout versus engine changeout

An engine should not be designed for in-space maintenance if the capability is not

going to be available during its operational life.

Series production of an engine can be used to expand the maintenance capability as

in-space facilities are expanded.

The first version of an OTV may well be shuttle deployed and recovered with no in-

space maintenance needed.

The development of a propulsion module similar to the OMS Pod should be

considered for the OTV as an alternative to engine and/or component changeout.
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3.7 RELIABILITY AND RISK ASSESSMENT

All Aerojet engine designs must include a risk assessment per company policy. The

usual form of this analysis is a YES-NO grid that identifies all technical and producibility risks plus

a potentialsolutionthatcan change all"No's"into"Yes." The program resourcesdid not allow

thisformal analysis,and an abbreviatedriskassessment ispresentedinSection3.7.5.

Reliability was addressed with a preliminary FMEA and by identifying requirements

and mapping an approach for a reliability program in the detail design phase.

3.7.1 Reliability_ Approach

The Aerojet approach to reliability task planning for the OTV engine is outlined

in Table 3.7.2-1. It is based on both analytical and heuristic methods. This is a comprehensive

approach as is appropriate to a very expensive manrated spacecraft.

The caveats and assumptions for a preliminary reliability analysis are given in

Table 3.7.2-2. The engine reliability numbers are based on vehicle prime studies from Boeing and

Martin-Marietta. It is assumed these numbers will be further scrutinized and refined as the vehicle

development begins.

3.7.2 Failure Modes and Effects Analysis (FMEA)

An FMEA was completed under an earlier task in the OTV engine program.

This FMEA was updated for the preliminary design and is included as Appendix A-I. This would

be the start of an analysis that will be updated and expanded through detail design with the final

version complete prior to production go-ahead.

3.7.3 Fail Operational/Fail Safe

Basic to the development of a reliability plan and to the engine design is the

concept of "fail operational/fall safe". In essence, any component failure must produce either an

operational though limited condition or a safe engine shutdown. This is implemented in the design

by, for instance, selecting valves that will be spring loaded closed on power failure, i.e., main

propellant shutoff valves; or fail in position, such as the turbine bypass valves. In the second

example the engine can continue operation at the failure point but must be shutdown if an opera-

tional change is needed. Mechanical provisions are not sufficient for an engine of this complexity.

They must be backed up by a health monitoring/control system that functions to assure that any
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TABLE 3.7.2-1

OTV ENGINE RELIABILITY APPROACH

l° Statistical and Analytical

- FMEA

- Structural Analysis and Margins

- Component Reliability Data Base

- Reliability Number Assignment and Calculation

. Heuristic

- Fault Trees: No Catastrophes, No Cascades

- Redundancies

- Overdesign

- Derating

- Fabrication and Assembly Methods

- Process Control

Both Must Assure:

- Fail Operational/Fail Safe
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failure is to continued operation or to shutdown. Table 3.7.3-1 lists the health management system

functions that provide this capability.

3.7.4

A manrated vehicle is assumed to have more stringent design requirements than

an unmanned vehicle, but the definition of these requirements is difficult to find in a single source.

Table 3.7.4-1 is an attempt to define manrating by the requirements found in various documents

and programs.

Of concern to the OTV engine program are the need for redundant components

and derating. Aerojet has assumed that redundancy is at the engine level as one engine must be

capable of performing the mission. This has not been verified as a NASA position; and, perhaps,

won't be until the development includes the first comprehensive reliability analysis. It is important

to the design and needs to be formalized at an early date.

Derating is generally applied to the electronics but can be a concept used in the

engine design as a more stringent design code can be called out and arbitrary margins increased to

give the effect of derating.

3.7.5 Risk Assessment

Program risk is usually assessed against the technical, cost, and schedule goals

of a program. For this preliminary design the cost and schedule risks are irrelevant although these

risks would have to be considered in a development program. Technical risk is also divided

among fabrication/producibility risk, performance risk, and operational risk. Each is discussed

below. A major factor in the risk assessment is the Aerojet approach to this engine design. Aerojet

has chosen a design approach that will offer the highest performance (specific impulse), best

throttling performance (> 10:1), and maximum operational flexibility (dual expander cycle, helium

purge system). This is a higher risk approach than could have been selected, but the high payoff

potential is considered in line with the program goals. In all cases there are lower risk faUback

positions.

3.7.5..1 Fabrication/Producibility Risk

Producibility issues were presented in Section 3.3.6. The focus there was

on solving problems through process development and design. Risk assessment weighs the likely
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TABLE 3.7.3-1

FUNCTIONS PROVIDED BY HEALTH MONITORING/CONTROL SYSTEM

Pre-Flight Engine Check-Out

Engine Start Sequencing

Closed-Loop Engine Control

Red-Line Limit Detection

Red-Line Limit Response

Pink-Line Limit Detection

Pink-Line Limit Response

Trend Data Collection and Storage

Engine Stop Sequencing

Life Prediction and Maintenance Scheduling

Communication with Vehicle Controller
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success of such activities. A formal risk assessment will be completed during detail design com-

plete with YES-NO grid and a realistic evaluation of the likely success. At this time the criteria was

to present a summary of the risks with proposed solutions. This is done in Table 3.7.5-1 for the

thrust chamber. One result of this assessment was to address some of the concerns in the FY-88

program as Task C.4, Baffled Injector Fabrication. It is intended that the items marked with an

asterisk in the table will be verified under this task order.

A good portion of the fabrication/produeibility risk will have to be reconsid-

ered as the design progresses. With the design halted at the preliminary level there is not enough

information for a high confidence analysis. To this point, however, none of these risks appears to

be insoluble. There are design solutions available for all identified risks.

3.7.5.2 Performance Risk

Engine predicted performance was given in Section 3.1.5. There is high

confidence that a specitie impulse of >481 seconds is possible at MR---6 and a chamber pressure of

2000 psi. The NASA goal of 490 seconds specific impulse is not attainable within the envelope

(area ratio limitation) and without breakthroughs in materials that will allow a chamber pressure of

3000 psia or higher. Improvements in combustor operation are of no help as the energy release

efficiency using the I-triplet element and the baseline chamber configuration is very nearly 100%.

A change in nominal operating point from MR=6 to an optimum performance point near MR--4

would provide some additional performance but would require larger hydrogen tanks which

adversely effects the vehicle design. A full 10:1 throttling ratio is also considered low to moderate

risk. Individual component performance requirements are either state-of-the-art or, as is the case

with the turbopumps, require improved capability that is being developed under NASA contract.

3.7.5.3 Operating Risk

The abih'ty of the design to meet operational requirements is a function of the

reliability of the engine, the duty cycle, and health management system effectiveness. Reliability is

discussed earlier in this section. The duty cycle or representative duty cycles are not well defmed

although they will likely include;

• LEO to GEO and return to LEO

• LEO to moon transfer orbit and return to LEO

• Moon transfer orbit to moon landing, moon takeoff and transfer to LEO
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The minimum number of engine starts/shutdowns for any of these missions

is four, with five or six more likely. Engine operating time will range from about a minute (orbit

adjust maneuvers) to 25 minutes (moon transfer orbit). Throttled operation should be minimal

except for the moon landing and takeoff. If this requires five minutes of throttled operation in both

landing and takeoff, then the less than full thrust operation time will very likely be less than 10% of

total engine operation time. Such a proportion would be very desirable as engine life is substan-

tiaUy reduced by operating below 500 psia chamber pressure for prolonged periods. Once the duty

cycle is defined the actual life prediction can be made, but at this time the number of start/stop

cycles and full thrust operating time are expected to be compatible with life goals of 500 starts

and/or 20 hours of operation. A summary of engine life factors is given in Table 3.7.5-2.

The engine development has to solve the problems inherent in a tank head

start, bootstrap from pumped idle, and throttling operation. These are summarized in Table 3.7.5-

3. They were discussed more fully in Section 3.1. All are considered solvable and design solu-

tions are incorporated in this preliminary design. The effectiveness of the design solutions will

have to be proven by a combination of analysis and testing after the design is completed.
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TABLE 3.7.5-2

ENGINE LIFE FACTORS

°

Factor

Number of Starts

Concern

lo Service life is an inverse function of number of starts.

Quantification requires a knowledge of the engine
thermal conditions over a nominal start cycle.
This is not known at this time.

.

°

Operating Time
Below 500 psia Pc

Overthrust

Operation

. Copper thrust chamber parts revert to annealed

properties at the high temperatures expected at

low chamber pressure operation. This should be a

time limited operation.

o Overthrust is a capability and a potential mission safety

factor but subjects copper chamber parts to high

temperatures that cause reversion to annealed

properties. It should be a time limited operation.

° Exposure to High
Radiation Levels

. After several years operation in space above and

through the Van Allen belts the total radiation

exposure could damage some engine parts.
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4.0 SUMMARY OF RESULTS

A preliminary design is successful only if the separate components are found to be pack-

agable into a functional form capable of meeting the original design requirements as an integrated

unit. The component integration task demonstrated that packaging was possible despite the many

valves, the separate turbopumps, and the use of two heat exchangers. The functional capability of

the design was verified in the power balance work. This design can meet operating requirements

using the basic components proposed. By this standard it is a successful design ready for further

development in a detail design program.

For any device as complex as a pump fed rocket engine, a preliminary design will reveal limi-

tations and also offer opportunities for innovative design solutions. The comments below offer

some limitations with possible design solutions and design solutions that neatly avoided apparent

limitations:

The "best effort" approach to completing the work packages produced in all cases an

output commensurate to the task scope. This is recommended as an excellent approach

for task order programs of limited resources.

The power balance code was changed considerably over the program. This was one

subtask where added resources would have been useful for additional component

optimization and for mapping of more of the operating envelope. The start of detail

design should emphasize in-depth work on, and with the power balance.

Thermal limitations were expected above 2000 psia chamber pressure (Pc), but the life

limiting temperatures below 500 psia Pc were unexpected. The regenerator effective-

ness was limited by the throat gas side wall temperature. A design change that could

alleviate this would be to use a ceramic coating covering two to three inches of the criti-

cal throat area. NASA LeRC is investigating such coatings as this report is being writ-

ten, so the technology should be in hand for the Pathfinder program.

More flexibility in the hydrogen circuit power balance is possible if a higher hydrogen

temperature out of the baffles is attained. A proposed high temperature baffle plate

design is one solution. This would add 300°F to the hydrogen gas that could either

increase the control margin or raise the chamber pressure.
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Thefull 10:1throttlingis possiblewith thedesignat MR = 6. Operationbelow500

psiachamberpressureisrecommendedatMR = 5andwith timelimits to extendcham-
berlife.

Tankhead start is possible with some reservations on repeatability and start time.

Confidence in its practicality will require actual demonstration testing.

Bootstrappingfrom tankhead idletothenormal operationalrangeispossibledue tothe

use of thelow pressureboost pumps. They area vitalpartofthe design.

The Aerojet performance prediction is for a delivered specific impulse in the range of

481.7 to 484 lbf-sec/lbm for the baseline design. This prediction uses a somewhat

conservative methodology.

A design alternative for a very long life engine is to design rated thrust at the thermal

minimum point. The resulting engine would be slightly larger and heavier but would

have significantly higher operating margins, it would also be capable of operating at a

thrust 60% greater than nominal.

Aerojet's investigation of thrust chamber materials found that the SCM company's

GLIDCOP AL-15 is potentially superior to NASA-Z in terms of life cycle fatigue. The

results were presented to NASA-LeRC personnel, but more work is needed to validate

the life cycle fatigue calculation methods and the material itself.

A major benefit of the dual expander cycle with separate turbopumps is the elimination

of a helium purge system. This greatly simplifies system plumbing and saves weight in

excess of the actual engine weight.

The dependence of the engines on electrical power is such that a backup battery system

is recommended so that engine operation can continue despite a power interruption

between the fullcellson theOTV and theengines.

Engine openings through the aerobrake will be approximately 5 feet by 12 feet. This

means that opening covers (doors or sliding panels) will be large, heavy, and will

require a complicated actuation system on the order of that for the landing gear of a jet

aircraft.
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The primary and engine-out gimbal concept used to attain the .-f.20° specified has several

advantages: lighter weight, simplified extendible nozzle design, and smaller engine

envelope. It's disadvantage is to require an additional actuator.

The engine-out gimbal design led to a concept for engine changeout that is simple and

compatible with operations in space.

The nominal engine weight of 298.1 Ibm (gimballed components) reflects the multitude

of engine valves and heat exchangers needed for the throttling and tank head start

operations. These requirements drive the weight up from a possible 210 Ibm to the 298

Ibm calculated.

All major producibility concerns are being addressed in the on-going OTV engine

development program.

Valve selection was straightforward, but there are two areas where additional work is

warranted: 1) valve weight reduction, and 2) turbine bypass valve development.

Trade studies favored an all electrical valve set except for the back pressure valves

which are line pressure operated. This eliminated the need for pneumatic or hydraulic

systems.

A benefit of the LOX/GH2 heat exchanger (H) is the increase in density of the

cooler hydrogen entering the injector. This allows for smaller injector passages and

should save some weight. The effect on the element performance needs to be evaluated

in the detail design phase.

The design problem for the oxygen phase change within the HEX was not solved.

There is a good possibility that a special channel geometry could counteract the film

boiling and assure a predictable phase change without any liquid phase flow down-

stream from the HEX.

The oxygen cooled nozzle is complex enough to warrant a separate development pro-

gram.
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APPENDIX A- 1

OTV ENGINE DESIGN

FAILURE MODES AND EFFECTS ANALYSIS

(FMEA)
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APPENDIX A-2

HEALTH MONITORING SENSORS
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Component

Hydrogen
Turbopump

Any.

I

'r
Hydrogen

Turbopump
Ally.

I

TABLE A-2.1

HEALTH MONITOR AND CONTROL SENSOR LIST

Sensor

Z1 Shell

Axial DlspL

Z2 Shell

Radial Olspl.

$1 Speed

Z3 Shaft

Axial Dllpl.

Z4 Shill

Radial Dllpl.

$2 Speed

P-1 Pump
Discharge Pres.

T-1 Pump
Discharge Tamp,

F-1 Pump Flow

ZS TPA

Vibration

Z6 Shift

Axial Dlspt.

Z7 Shell

Rediel Olspl.

S3 Speed

Zl Shaft

Axial Dlspl.

Z9 Shift

Radial Olspl.

S4 Speed

P2 Pump

lnlerstage
Pres.

T2 Pump
Interstego

Temp.

P3 Turbine

2rid Stage
Inlet Pres.

T3 Turbine

2nd Stage
Inlet Temp.

Location

Inside First

Stage Turbo-
pump Any.

Inside Flrsl

Siege Turbo-

pump Any.
g0 o from Z1

To Line @
Pump Olsch.

To Line @
Pump Dlsch.

On T-P Housing

Between Brgs.

Inside 2nd

Stags Turbo-

pump AIsy.

i

Inside 2nd

Stage Turbo-
pump Auy.
900 from Z3

To TPA

Between Stages

On TPA

Between Stages

On TP Housing

Between Stages

r

Function

Control HM-1

X

X

X

X

X

XX

XX

XX

X

X

X

X

X

X

HM-2 WL

2.5 for
>3 Functions

). 2.5 for
3 Funcl]ons

0.S Oz.

0.7 Oz.

12 Oz.

.01 Oz.

> 2.S Oz. lot
3 Functions

) 2.S Oz. Ior

S Functions

0.S Oz.

0.7 Oz.

0.S Oz.

0.30 a.

PWR.

10 VDC

30MA for

3 Functions

10 VDC

30MA for
3 Functlons

10 VDC

1SMA

10 VDC

1SMA

28 VDC
20MA

15 VDC

4MA

10 VDC

30MA for

3 Functions

19 VDC

30MA for
3 Funcllons

10 VDC
15MA

10VDC

15MA

10 VDC
15MA

10 VDC

1SMA
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TABLE A-2.1

HEALTH MONITOR AND CONTROL SEaNSOR LIST !CONT.)

Component

Hydrogen
Turuopump

AIsy.

_r

Hydrogen
Roost Turbo-

pump. Assy.

Oxygen

Turbopump
Any.

Sensor

P4 Pump
Inlet Pres.

PSTurblne
Inlet Pres.

P6 Turbine

Dlsch Pres.

T4 Turblne

Inlet Temp.

T5 Turbine

Disch. Temp

F2 Turblne

Inlet Flow

T6 Pump

inlet Temp.

Z10 Bearing
Outer Race

Deflectomeler

Zll Bearing
Outer Race

Defiectometer

Z12 Boost

Pump Accet.

P7 Boost Pump
Inlet Pres.

T-7 Boost Pump

Inlet Temp.

F3 Boost
Turbine Inlet

Flow

Z13 Shaft

Axial DIspl.

Z14 Shaft

Radial Olspl.

S5 Speed

Z15 Shaft

Axial Dlspl.

Z16 Shaft

' adlal Dlspl,

$6 Speed

Location

In Llne@

Pump Inlet

In Line @
Turbine Inlet

In Line @
Turbine Outlet

In Line @
Turbine Inlet

In Line @
Turblne Dlsch.

In Line @
Turbine Inlet

In Llne@
Pump Inlet

On Bearing
Outer Race

.00S in. Nominal

Clearances

q

On Boost Pump
Housing Be-

tween Brga.

In Line @

Pump inlet

In Line @
Pump Inlet

In Line @
Turbine Inlet

Inside Turbo.

pump Ally.

q

Inside Turbo-

pump Assy.
900 from Z5

I

Control

XX

Function

HM-t HM-2

X

,r

0.1 Oz.

0.7 Oz.

12 Oz.

09 Oz.

0.B Oz.

O.! Oz,

0.07 Oz.

0.5 Oz.

0.1 Oz.

12 Oz.

,2.50L for
3 Functions

> 2.5 Oz. for

:3Functions

A2-3

PWR.

10 VDC
15MA

10 VDC
15MA

IOVDC

laMA

28 VDC

20MA

10 VDC

15MA

10v
20MA for

2 Sensors

2 Sensors

15 VDC

4MA

10 VDC
I$MA

10 VDC
15MA

28 VDC
20MA

1OVDC

30MA for
3 Functions

10 VDC
30MA for

3 Functions
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TABLE A-2.1

HEALTH MONITOR AND CONTROL SENSOR LIST (CONT.)

Component

Oxygen

Turbopump
Asxy.

Oxygen
Turbopump

Assy.

i

Oxygen
Boo,I Turbo-

pump Asey.

r

Combultion

Chamber

Sensor

P8 Pump
Olsch. Pres.

T7 Pump

Dlsch. Temp.

F4 Pump Flow

Z17

P9 Pump
Inlet Pres.

P10 Turbine

Inlet Pres.

T8 Turbine

Inlet Temp.

T9 Turbine

Olsch. Temp.

T10 Pump
Inlel Temp.

F5 Turbine

Inlet Flow

Zlll Beerln 0
Outer Race

Deflectomsler

Z19 Bearing
Outer Race

Oafleclometer

Z20 Boom

Pump Accel.

Pll Boost Pump
Inlet PriDe.

Tll Boost Pump
Inlet Temp.

F6 Boost

Turbine Inlet

Flow

P12 Chamber

Prlllure

Location

In Line @

Pump Dlsch.

In Line @

Pump Dllch.

On T.P. Housing
Between Beedng|

in Line @

Pump inlet

In Line @
Turbine Inlet

In Line @
Turbine Inlet

In Line @
Turbine Dlsch.

In Line @
Pump Inlet

In Line @
Turbine Inlet

On Baadng
Outer Race

.OO51n. Nominal

Clearance

On Boost Pump
Hag. Between

Brgt

In Line @
Pump Inlet

Thermal Isolation

Req'd by Tube
Conn.

In Line @
Pump Inlet

In Line @
Turbine Inlet

Combustion
Chamber

Control

XX

XX

XX

XX

XX

Function

HM-1 HM-2 WL PWR.

0.S Ox. 10 VDC
tSMA

0.7 Oz. 10 VDC

15MA

t2 Oz. 28 VDC

20MA

0.07 Oz. 15 VDC

4MA

0.S Oz. 10 VDC

15MA

,I
0.7 Oz. 10 VOC

ISMA

0.7 Oz.

0.7 Oz. , I

12 Oz. 28 VDC

20MA

0.8 Oz. 28 VDC

20MA lot
2 Sensors

r Ir

.07 Oz. 15 VDC
4MA

0.$ Oz. 10 VDC

15MA

.7 Oz. 10 VDC

laMA

.12 Oz. 28 VDC

20MA

0.5 Oz. 10 VDC
15MA
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TABLE A-2.1

HEALTH MONITOR AND CONTROL SENSOR LIST (CONT.)

Component

Injector

Combustion
Chamber

Nozzle

Regen

Sensor

P13 Fuel inlet

Prellur-

T12 Fuel Inlel

Temp.

P14Oxldlzer

Inlet

Pressure

T13Oxldlzer

Inlet Temp.

P15 Chamber
Coolanl Outlel

Pres.

T14 Chamber

Coolant Outlet

Temp.

P16 Chamber
Baffle Coolanl

Outlet Pres.

T15 Chamber

Baffle Coolant

Outlet Temp.

T16 Chamber
Throat Surlace

Temp.

P17 Fuel

Coolanl Inlet

Pres.

T17 Fuel
Coolant Inlet

Temp.

P18 O,r.

Coolanl Inlet

Pres.

T18 Oz.
Coolant Inlet

Temp.

P19 Ox.

Coolant OuUel
Pres.

T19 Ox.

Coolanl Outlet

Temp.

T20 Fuel Regen

Outlel Temp.

",21 Oz. Regen

Fuel Inlet Temp.

P20 Fuel Regen
Inlet Pres,

Location

At Injector
Fuel Inlet

At Injector
Oxidizer Inlet

'r
At Chamber

Coolant Outlet

At Transition

Between Chamber

Baffle Coolant

I

'r
Mulllple Sensor

Band Around

Chamber Throat

At Nozzle

Fuel Inlet

Manifold

,r
At Nozzle

Ox. Inlet
Manifold

r
At Nozzle
Ox. Outlel

Manifold

_r

@Fuel Regen
Sec. OuUet Pod.

Oz.Regen
Inlel Pod

FuelRegen
Inlet Po_

Conlrol

Funcllon

HM-1 HM-2

X

X

We.

0.3 Oz.

0.7 Oz.

0.S Oz.

0.7 Oz.

O.S Oz.

0.7 Oz.

TBD

0.$ eL

0.7 Oz.

0.S Oz.

0.7 Oz.

0.S Oz.

0.7 Oz.

0.7 Oz.

0.7 Oz.

O.S Oz.

PWR.

10 VDC
ISMA

P

TBD

10 VDC
15MA

A2-5
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TABLE A-2.1

HEALTH MONITOR AND CONTROL SENSOR LIST (CONT.)

Componenl

Fuel Turbine

Bypass Valve

Ox. Turblne

Bypass Valve

Hex. Bypess
Valve

Fuel Idle

Valve

Fuel Regen,

Bypass Valve

Nozzle

Position

Engine
Comperlment

Engine

Compertmenl

Engine

Compartment

Tolel

Sensor

Z21 Position

Z22 Poslllon

Z23 Position

Z24 Position

Z2S Position

Z26 Position-Rat.

Z27 Po|lllon-Ext.

T22, T23, T24, T2S
Temperature

LI, L2, L3, L4
H2 Leek

Detection

LS, L6, LT, L8

0 2 Leak
Detwctlon

Location

On Valve
Plntle Extension

LlmllSwllches

el Limits of
Travel

In Engine
Compartment

4 I_eces

In Engine

Compartment
4 Places

In Engine

Compartment
4 Places

Control

XX

XX

XX

XX

XX

XX

18 + lS

Function

HM-I

46

HM-2

31

We. PWR.

3.2 Oz. 28 VDC

for I In. 20MA

$1roke

Ir

0.3 Oz. 28 VDC

tMA

0.02 Oz. 10 VDC

15MA

TBD TED

_r
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APPENDIX A-3

ENGINE VALVE SPECIFICATIONS

AND ENVELOPE DRAWINGS

RPT/DO011.8-A-3
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This appendix contains short specification sheets on each of the valves base-

lined for the OTV engine. The items specified should be sufficient for an initial

vendor survey. A detailed specification would be developed during the detail

design phase.

The envelope drawings are to be used by prospective vendors for rough sizing

of the valves. They are also the envelopes used in the layout drawings for the

engine. Some leeway would be expected to allow for a less-than-perfect match to the

given envelope.
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